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ABSTRACT 
 
Margaret Erin Sachiko Esch: Investigating tidal inundation, pore water seepage, and 
groundwater flow within a salt marsh of the Florida Gulf coast 
(Under the direction of Jaye Cable) 
 
Salt marshes are common landscapes along low relief, low-energy coastlines. 
They serve several valuable ecosystem services, and have potentially large carbon 
sequestration capability.  However, the loss of salt marshes globally is estimated to be 1 
to 2 % per year. Investigation of hydrologic forces maintaining these ecosystems is 
critical for well-grounded policy and decision-making to mitigate wetland loss and 
manage carbon budgets. 
Hydrology is the defining aspect of salt marsh environments.  The input, flow, 
and distribution of water are the primary elements of the formation and maintenance of 
these coastal landscapes. This study explored the hydrological processes, including 
overland flow, creek bank seepage, surface runoff, and groundwater discharge, of a 
pristine salt marsh in the Big Bend region of the Gulf of Mexico between the Aucilla and 
Econfina Rivers.  
Light Detection and Ranging data were used to calculate inundation volumes for 
the study area, which ranged from 0.6 to 8.0 x 105 m3 of Gulf water.  Additionally, cross-
	 	 	
shore winds were shown to have a strong influence on water levels in this region of the Gulf of 
Mexico. 
Pressure head time series from wells and seepage collectors were used to calculate 
creek bank seepage velocities, which ranged between ~6 x 10-6 m s-1 and 3 x 10-5 m s-1. 
Numerical simulations of subsurface pore water flow produced seepage velocities ranging 
between 1.05 x 10-5 and 4.38 x 10-5 m s-1.  Bulk seepage discharge was calculated to be 0.43 
m3 of water per longitudinal meter creek bank per tidal cycle. 
CDOM and Radon-222 measurements were used to observe water sources and 
seasonal differences.  CDOM was highest in Econfina River, whereas Radon-222 was highest in 
the spring-fed Wakulla and St. Mark’s Rivers.  CDOM varied for both the Econfina River and 
Snipe Creek, potentially correlated to precipitation, air temperature, and fall plant senescence. 
Groundwater discharge estimates ranged from 472 ± 1 to 2,444 ± 12 m3 d-1 for Snipe Creek, 
2,040 ± 0 to 8,180 ± 3 m3 d-1 for Econfina River, and 54,220 ± 12 m3 d-1 and 82,150 ± 25 m3 d-1 
for the Wakulla and St. Mark’s Rivers, respectively. 
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CHAPTER I: Introduction 
1.1 Motivation 
Wetlands are defined by their hydrology; the flow of water may form, maintain, and 
potentially destroy these fragile landscapes.  Salt marshes, a coastal wetland ecosystem, are 
regularly flooded and drained by the tide. This continuous mixing of salt water from the ocean 
and incoming freshwater makes these one of the most dynamic and complex ecosystems on 
Earth.  Unfortunately, salt marsh environments are threatened by sea level rise, subsidence, 
urban development, and land-use changes (Zedler and Kercher, 2005).  Currently, the estimate 
of the global loss of salt marshes is about 1 to 2 % per year (Duarte et al. 2008, McLeod et al. 
2011).  In the U.S. Gulf coast alone, 18 % of marshes have been lost since the 1930’s, which is 
likely an underestimate (Gedan and Silliman, 2009).  Coupled to this loss of physical habitat is a 
loss of the valuable ecosystem services salt marshes provide such as, biodiversity support, 
water quality improvement, coastal protection from flooding and storm surges, as well as 
tourism and recreation (Zedler and Kercher, 2005; Barbier et al. 2011).   
Salt marshes provide important nursery and feeding habitat to several species of birds, 
fish, mollusks, and crustaceans (UNEP, 2006).  Indeed, approximately half of the endangered 
species in the United States are dependent on wetland habitat (Zedler and Kercher, 2005).  
With increased population and development in coastal areas, runoff from agriculture and urban 
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areas can be a serious issue leading to eutrophication and hypoxia in coastal waters.  However, 
wetlands such as salt marshes can be effective in removing nitrates and phosphorus from runoff 
(Zedler and Kercher, 2005).  The use of wetlands along the Mississippi River basin to “farm 
nitrogen” was even proposed by Hey (2002) as a remedy for hypoxia in the Gulf of Mexico.  
Since salt marshes form along low-energy coastlines, they can be critical buffer zones in times 
of storm surges and coastal flooding (Gedan et al. 2011; Möller et al. 2014).  Moeller et al. 
(1996) found that salt marshes were extremely effective at reducing wave energy and wave 
height in Norfolk, England.  All of these services provided by salt marshes have been estimated 
to amount to more than $14,000 per hectare per year (Coztanza et al. 1997; Gedan et al. 
2009); yet, it doesn’t include the value placed on their role as carbon sinks. 
Salt marshes are some of the most productive ecosystems on earth, with an average net 
primary production ranging from 400 to 2,250 gC m-2 y-1 (mean: 1,275 gC m-2 y-1) (Hopkinson, 
1988; Cai, 2011).  Globally, carbon burial in salt marshes has been estimated to be between 
4.8 and 87.2 Tg C yr-1, given an estimated areal range of 22,000 to 400,000 km2 and an 
average carbon burial rate of 218 ± 24 gC m-2 yr-1 (McLeod et al. 2011, and references therein). 
Thus, the loss of these habitats results in not only the loss of the ecosystem services provided 
by marshes, but also a reduction in carbon sequestration potential and the potential release of 
previously buried carbon (McLeod et al. 2011; Macreadie et al. 2013).  Given that atmospheric 
concentrations of carbon dioxide are higher now (over 400 ppmv) than they have ever been in 
at least the past 800,000 years (IPCC, 2014), carbon budgeting and cycling in the Earth’s 
systems has become a topic of utmost priority.   
		 3	
As we continue to lose salt marshes at an alarming rate, it is crucial that we continue to 
understand the processes that dictate their formation and maintenance. This dissertation 
delves into the hydrology, both surface and subsurface, of a pristine Florida salt marsh 
(illustrated in Fig. 1.1) to understand how hydrologic conditions or the flow of water define 
these coastal environments.  The goal is to investigate the sources of water and their flowpaths 
in an understudied region of the Gulf of Mexico in an effort to more fully understand how the 
salt marsh interacts with the environment, what forces drive the hydrological processes, and 
what this connection means for material exchange and biogeochemistry. 
The goal of this body of work was divided into three principal objectives: 1) Examine 
tidal inundation and the forces that induce variation in volume and areal extent, and calculate 
sheet flow volumes for different hydrodynamic regimes, 2) Investigate the dynamics of creek 
bank seepage, including the timing and magnitude of water fluxes, the spatial scales at which 
these fluxes occur, and to characterize the subsurface exchange between tidal flow and 
marshes, and 3) Assess sources of freshwater, including surface runoff and groundwater 
discharge using chromophoric dissolved organic matter (CDOM) and Radon-222 (222Rn) as 
tracers, respectively.  Also, estimate the contribution of Floridan Aquifer groundwater 
discharge to this salt marsh and region of the northeastern Gulf of Mexico.  To accomplish 
these goals various field methods, data analysis methods, and Light Detection and Ranging 
(LiDAR) and numerical simulation modeling were used. 
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Figure 1.1. Conceptual model diagraming the flow paths of various water sources in a salt 
marsh. Tidal fluctuations lead to surface inundation and tidal exchange via overland flow.  
Groundwater flow occurs beneath the marsh surface and seeps out throughout the marsh.  
Tidal recharge and discharge occurs close to the creek bank and leads to creek bank seepage.  
Additional water sources to the marsh surface include precipitation and upland runoff. 
Evapotranspiration represents a loss of water. 
 
1.2 Organization of Dissertation 
 Salt marshes are a vibrant manifestation of external forces acting in concert with internal 
biological and ecological processes.  In the vein of Odum et al. (1995), these ecosystems exist 
in a continual state of oscillation, and one of the most energetic pulses or oscillations is the 
variation in water level.  The tide, winds, precipitation, evapotranspiration, groundwater 
discharge, and other subsurface hydrological processes all alter the flux of water into and out 
of these coastal landscapes, and drive the exchange of inorganic and organic material between 
the marsh and the coastal ocean.  Additionally, these hydrological processes can alter the 
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biogeochemistry of the salt marsh, which can influence productivity, ecological zonation, and 
export of nutrients and dissolved carbon.  Primary hydrological processes include overland 
flow, or sheet flow; surface water runoff; creek bank seepage, or tidal recharge; and 
groundwater discharge.  The goal of this work was to investigate these primary hydrological 
processes in a pristine salt marsh in an understudied region of the northern Gulf of Mexico, and 
consider the implications for biogeochemical processes and material exchange.  Chapter II 
provides a brief background and literature review on salt marsh hydrodynamics. Chapter III 
investigates the forces that modulate overland flow.  The focus is on the contribution of along-
shore and cross-shore winds on varying water levels in the marsh as well as the influence of 
small-scale geomorphologic features on the flooding and draining of the marsh.  Chapter IV 
presents a field measurements and numerical modeling study of creek bank seepage in the salt 
marsh to understand the variability in time and space of seepage.  Analysis of field data is 
complemented by numerical simulations featuring a domain constituting a tidal creek-creek 
bank-inner marsh transect.  Seepage velocities from each method are presented and 
compared.  Chapter V explores the use of chromophoric dissolved organic matter (CDOM) and 
Radon-222 (222Rn) as tracers for surface water runoff and groundwater discharge, respectively.  
By analyzing the trends in both CDOM and 222Rn in a tidal creek and two freshwater rivers, the 
aim was to investigate freshwater sources to the marsh and how they may differ depending on 
environmental conditions.  Groundwater discharge volumes were also calculated for each water 
body sampled.  Lastly, Chapter VI summarizes the overall findings of the three objectives and 
provides concluding remarks on the research presented. 
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CHAPTER II: Review of Salt Marsh Hydrological Processes and Hydrodynamics 
2.1 Internal and External Forces that Influence Tidal Inundation 
 The exchange of organic and inorganic materials with the coastal ocean is propelled by 
the frequent inundation and draining of salt marshes.  The fractal geometry of these complex 
tidal creek-creek bank-marsh ecosystems allows a large surface area to come into contact with 
tidal waters, making this exchange process extremely efficient (Fagherazzi and Sun, 2004; 
Fagherazzi et al. 2013).  Various forces contribute to the marsh hydrodynamics and estuary-
coastal exchange of water and nutrients, including tides, winds, storms, terrestrial runoff, and 
friction associated with marsh vegetation.  All of these processes are critical to understanding 
variations in inundation and the impact on the biogeochemistry and sediment dynamics (e.g., 
accretion, export) in salt marsh environments.  Internally, for example, considerable feedback 
exists between marsh morphology and hydrodynamics, leading to a dynamic steady-state 
wherein the morphology of the marsh impacts the hydrodynamics in such a way to further 
change the morphology of the system (Wright, 1995; Friedrichs and Perry, 2001).  Externally, 
local and non-local atmospheric and sea level forcings can influence the extent and duration of 
inundation and marsh flushing.  Together, the internal and external forces drive the evolution 
and maintenance of salt marshes, and directly control material and water fluxes. This review 
examines the current state of understanding in salt marsh hydrological processes to place this 
dissertation research in context.
		 9	
The morphology of a salt marsh describes its form and structure, from sediment 
deposition patterns to the layout of the tidal creek network.  Vegetation density and zonation 
play an important role by influencing inorganic and organic sediment deposition, as well as 
marsh accretion, leading to the continuous evolution of the system morphology.  The 
interaction of the biological and physical processes with the marsh morphology is termed 
morphodynamics.  Such processes include inorganic and organic sediment deposition and 
accretion, hydroperiod (the frequency and duration of inundation), the areal and volumetric 
extent of inundation, and whether the marsh experiences flood or ebb dominance.  For 
example, Fagherazzi et al. (2004) modeled marsh planform geometry, and along with field 
surveys found that the dominance of flood or ebb flow velocities is reflected in the channel 
meander formation. Thus, bidirectional flow combined with hydroperiod and sediment load 
have direct impacts on marsh geometry and morphology, and consequently influence material 
fluxes.   
Hydroperiod directly impacts both inorganic sediment deposition and organic matter 
trapping and accretion but in opposite ways.  Increasing the hydroperiod will favor 
allochthonous inorganic sediment deposition, which could eventually lead to decreasing the 
hydroperiod in the absence of sea level rise as a result of an increase in marsh elevation.  
Furthermore, changes in marsh elevation alter the relative tidal range and extent of inundation, 
which could have significant impacts on dissolved organic carbon (DOC) production, exchange, 
and export.  Alternatively, decreasing the hydroperiod will reduce salt stress on vegetation, 
increasing salt marsh grass density, which should lead to greater in situ organic matter 
production and accretion (Friedrichs and Perry, 2001, and references therein).  Moreover, 
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vegetation density plays a central role in the trapping and deposition of suspended 
particulates on the marsh surface due to the substantial reduction in water velocity caused by 
marsh grasses (Leonard et al. 1995; Eisma and Dijkema, 1997; Christiansen et al. 2000; 
Friedrichs and Perry, 2001).  
The proximity of any given location to a sediment source or waters rich in suspended 
particulates will experience greater deposition rates (Friedrichs and Perry, 2001).  That source is 
typically tidal creek waters where advection increases the concentration of suspended 
sediment relative to the marsh surface.  Thus, the geometry of the tidal creek network greatly 
directs the patterns in sediment deposition.  However, in a study carried out in the Scheldt 
estuary, Netherlands, Temmerman et al. (2005) showed that the majority of the water delivered 
to the marsh surface is not always supplied from the tidal creeks, but rather directly from the 
marsh edge.  Using digital elevation modeling, they demonstrated that the percentage of 
water supplied from the marsh edge was positively correlated to the height of high water at 
inundation.  Perhaps more importantly, this finding would impose a large error on water and 
nutrient fluxes calculated using traditional field sampling methods, which typically include 
measurements of velocity or discharge in a few tidal creeks.  Temmerman et al. (2005) also 
state that it is not straight forward to calculate water fluxes from the marsh edge due to their 
finding that flow paths are not unidirectional, even over a single tidal cycle.  Flow paths and 
inundation characteristics are closely linked to the distribution and geometry of tidal creeks as 
well as microtopography.  For example, Ennis et al. (2014) found that within a microtidal salt 
marsh in Mississippi, USA, the shape of each rivulet (small tidal creek), as well as the site’s 
microtopography led to significant differences in inundation patterns among three separate 
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sites.  These findings demonstrate that the best spatially-averaged way to constrain fluxes of 
water and dissolved constituents is through the continued efforts of geospatial and digital 
elevation modeling. 
Advances in numerical modeling using geospatial data, as well as digital elevation 
modeling, have continued to be refined over the years due to research efforts and advances in 
technology and methodology.  Topographic and geospatial data are a necessary component 
of most modeling efforts in the field.  These data can be gathered from topographic surveys or 
digitized maps (Fagherazzi et al. 1999), but more recently, Light Detection and Ranging (LiDAR) 
has been utilized for tidal salt marsh environments.  However, the low accuracy of LiDAR in 
dense vegetation, as is characteristic of salt marsh environments, has generated a large source 
of error in digital elevation modeling (Schmid et al. 2011).  Several methods currently exist for 
correcting LiDAR elevation, and have been able to reduce overall elevation error from 
approximately ±10 cm to ±1 cm (Hladik and Alber, 2012).  As elevation and topographic data 
continue to become more accurate and widespread, numerical modeling of salt marsh 
environments continues to become more accurate.  For instance, Fagherazzi et al. (2008) 
presented a framework for the inclusion of marsh geomorphology in a hydrologic model used 
to describe tidal channel hydrodynamics.  The model was able to capture realistic asymmetry in 
discharge that occurs during flood and ebb tides by linking the geomorphology of the marsh 
to the differences in travel times of water particles.  This would allow for the calculation of 
water fluxes that are based on the geomorphologic features of the salt marsh watershed.  In 
short, the more detailed and refined the models become, the more powerful they become as 
tools for quantifying exchange and fluxes in salt marsh environments. 
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However, remote and local atmospheric forces also drive material exchange and fluxes 
between the salt marsh and the coastal ocean.  Coastal orientation, landscape features, or 
geomorphology, as well as bathymetry at the coast all influence the relative significance of 
local and remote wind forcings. Although tides are the most energetic forcing for water 
exchange in estuary environments, subtidal, or low frequency, sea level fluctuations in 
association with winds or other external atmospheric forcings have been shown to be 
significant (e.g. Wang and Elliot, 1978; Wang, 1979; Snedden et al. 2007; Reed et al. 2008).  
For instance, Wang (1979) found the primary volume exchange in Chesapeake Bay was 3 to 5 
times the magnitude of riverine input, and was driven primarily by east-west winds.  Wong and 
Wilson (1984) showed that subtidal volumetric exchange and mixing due to alongshore winds 
in Great South Bay, New York, were more significant than tidal mixing due to the longer time 
scale and enhanced flushing.  Additionally, Reed et al. (2008) found that wind and subtidal 
water levels in the coastal ocean were highly correlated to water levels within Pamlico Sound, 
North Carolina.  Subtidal mixing and transport processes can be especially significant in the 
exchange of dissolved and suspended materials in shallow environments where tidal motions 
can become rapidly attenuated (Wong and Wilson, 1984).   
Both local and remote atmospheric forcings play roles in net exchange and transport in 
estuaries, but to varying degrees and through different processes.  Local wind effects act 
directly on the surface area of the estuary, while remote forcings influence sea levels at the 
coast, adjacent to the estuary.  Winds along the coastline may induce cross-shelf Ekman 
transport, which generate coastal sea level fluctuations. These remote wind effects and Ekman 
transport have proven to be influential in estuary-wide water level fluctuations.  Wong and 
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Moses-Hall (1998) demonstrated that remote forcing was more significant than local effects 
when considering net, or average, subtidal transport in and out of the Delaware Bay estuary.  A 
similar pattern was observed in Chesapeake Bay by Wong and Valle-Levinson (2002), with the 
net flux exhibiting unidirectional flow associated with coastal Ekman set-up/set-down.  
Snedden et al. (2007) found that local wind stress over the estuary surface was minimal due to 
reduced fetch; however, alongshore winds at the coast were responsible for water level 
variations throughout the Mississippi River Delta estuary in Louisiana, particularly in autumn 
when Mississippi River input was decreased.   
 
2.2 Creek Bank Seepage 
 Understanding how astronomical and wind-driven tides inundate marshes is critical to 
understanding subsurface connectivity with the creek banks.  Marsh porewater seepage is 
known to be an important contributor to water flux into tidal creeks (e.g., Yelverton and 
Hackney, 1986; Howes and Goehringer, 1994; Gardner and Wilson, 2006) and is known to have 
both discharge and recharge behavior (e.g., Krest and Harvey, 2003; Wilson and Gardner, 
2006).  Tidal pumping largely drives this advective flux that is a mixture of water from tidal 
recharge, existing pore waters, and groundwater.  It is likely the majority of the water lost 
through advective flux out of the creek banks every tidal cycle is replenished via overtopping of 
the marsh surface (Howes and Goehringer, 1994).  Additionally, lateral flow through the creek 
bank on flood tide may replenish water loss, but only in the highly reactive zone within about 1 
meter from the creek (Howes and Goehringer, 1994).  Moreover, due to the lateral head 
gradient that occurs, interstitial water from the marsh interior moves toward the creek bank, 
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replenishing water loss in the sediments nearer the creek (Agosta, 1985; Harvey et al. 1987).  
Harvey et al. (1987) describes the entire cycle as occurring in three stages, namely: 1) the tidal 
waters are receding and flow is primarily horizontal toward the creek bank; 2) the creek water 
table exceeds the creek bank water table and flow is bidirectional; and 3) the creek overtops 
the marsh surface and quickly resaturates the sediments.   
Several studies have examined creek bank seepage using a number of different field 
techniques, including well transects (e.g., Agosta 1985; Jordan and Correll, 1985; Yelverton 
and Hackney, 1986), chemicals or dye tracers (e.g., Jordan and Correll, 1985; Krest et al., 
2000), nested mini-piezometers (e.g., Harvey et al. 1987), and seepage meters (e.g., Whiting 
and Childers, 1989; Howes and Goheringer, 1994).  The calculated advective water flux from 
these studies is variable, ranging between 8.9 and 46 l m-1 creek bank tide-1.  A large part of 
this variation is likely due to differences in physical environment.  For instance, it has been 
shown that geomorphology, stratigraphy, and sediment physical properties influence seepage 
(Garder 2005, 2007).   Modeling seepage dynamics has also improved, but recent comparative 
studies linking advanced modeling work to field results from the same system are limited (i.e., 
Harvey et al. 1987; Carter et al. 2008).  
 One advantage of modeling seepage, or creek bank dynamics, in tidal systems is the 
ability to observe patterns and changes in seepage with fluctuations in tidal forcing.   Initially, 
modeling these systems was fairly simplistic; for instance, researchers used steady-state 
conditions (Polubarinova-Kochina, 1962) or estimated seepage using the Dupuit assumption of 
purely horizontal flow (Harvey et al. 1987).  Gardner (2005a) made initial steps to improve 
seepage modeling from marsh sediments using a numerical boundary integral equation model 
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that allowed for the creation of a seepage face. Using Richard’s equation for variably saturated 
flow, he calculated seepage to be approximately 5 to 11.1 l m-1 creek bank tide-1.  He also 
showed that most seepage in marsh sediments occurs along the vertical creek bank 
(approximately two-thirds) as opposed to the creekbed.  This finding was significant, especially 
when considering placement of seepage meters in the field.  Since this and others’ work, 
modeling studies have continued to advance, such as the inclusion of marsh compressibility 
and changes in total stress due to tidal loading (Reeves et al. 2000; Gardner and Wilson, 2006; 
Wilson and Morris, 2011).  The valuable asset of modeling studies is that it allows for the 
investigation of how geomorphology, stratigraphy, sediment physical properties, and tidal 
pumping influence seepage.  For instance, Gardner (2005b, 2007) investigated how physical 
parameters such as specific yield, hydraulic conductivity, geomorphic structure of the creek 
bank, and sediment stratigraphy influence seepage.  Additionally, Wilson and Morris (2011) 
found that groundwater flushing increased with increases in tidal amplitude.  Studies have also 
shown that creek bank seepage appears to be at a maximum at the point where the creek 
water level falls on the vertical bank (Wilson and Gardner 2006, Wilson and Morris 2011).  Even 
with continued advancements in models of these systems (e.g., Xin et al. 2011), linking 
modeling and field results is still a challenge.  Perhaps more importantly, field measurements 
are integrative in nature.  Although it is valuable to know bulk discharge rates, characterizing 
seepage dynamics on short time scales (minutes to hours) facilitates a more thorough 
understanding of how tides influence discharge.   
 
2.3 Groundwater Discharge in Salt Marshes 
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 In recent decades porewater seepage from marsh sediments has been shown to include 
groundwater input as measurement techniques have improved.  As a result, a new term was 
coined to include porewater seepage, groundwater from aquifers, and deeper seawater 
recirculation.  This term, submarine groundwater discharge, or SGD, usually evaluates the total 
water flux from sediments without distinguishing the water source.  Nevertheless, SGD in 
coastal environments has become increasingly realized as a significant source and pathway for 
carbon, nutrients, and other dissolved constituents (i.e., pollutants). Inherently, SGD has 
substantial spatial and temporal variability that usually tracks the geologic variability of the 
system and is highly dependent on climate parameters, thus making direct measurements 
difficult.  However, continued study of not only the physical processes that drive SGD, but also 
the computation of input fluxes in coastal systems is valuable, especially where sources can be 
teased apart. 
 Several processes drive groundwater flow in marshes, including: upland freshwater 
discharge, precipitation, evapotranspiration, tidal fluctuations, and geomorphology and 
stratigraphy of the marsh environment (Gardner, 2007; Wilson and Morris, 2011).  Earlier work 
in this field by Harvey and Odum (1990) explored the role of marshes in modifying 
groundwater fluxes from upland to the greater estuary or coastal water body.  In two Virginia 
salt marshes, they found that residence time of groundwater in marsh, or intertidal soils is 
longer than in subtidal environments.  Moreover, using both measured and modeled profiles of 
dissolved salt concentrations, they also concluded that dispersive mixing is higher in marsh 
soils than subtidal environments.  These findings are important for nutrient and carbon fluxes.  
For instance, Harvey and Odum (1990) suggested longer soil-contact time would influence 
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nutrient concentrations via uptake by plants and microbes, as well as adsorption onto sediment 
particles.  Additionally, with greater dispersive mixing, and at greater depth, the potential 
availability of labile carbon is increased.  Thus, the potential significance of carbon cycling in 
marshes must include knowledge of groundwater fluxes. 
   Numerous studies have quantified groundwater fluxes in various locations and with 
varying methods.  Generally, wide variation exists, even within the same location (e.g. Harvey 
and Odum, 1990; Rama and Moore, 1996; Krest et al. 2000; Tobias et al. 2001; Charette et al. 
2003; range: -8 – 100 L m-2 d-1).  Both Rama and Moore (1996) and Krest et al. (2000) worked in 
North Inlet, SC.  Krest et al. (2000) calculated a groundwater flux of 20 to 40 L m-2 d-1, which 
was about 5% of the tidal prism volume.  Still, this groundwater flux was only a third of what 
Rama and Moore (1996) had calculated (100 L m-2 d-1).  Although in this particular case, Krest et 
al. (2000) cite procedural differences in radium activity measurements as a possible source of 
variation, all the factors listed above that impact groundwater discharge, in addition to 
methodology, can drastically influence flux calculations. 
Tobias et al. (2001) took on a technique intercomparison study using three separate 
methods for calculating groundwater discharge, in which they compared Darcy’s Law, a salt 
balance method, and used a bromide tracer as an empirical estimate of groundwater discharge 
velocity.  They concluded that Darcy’s Law was the most reliable during low flow times, while 
the salt balance method gave the best results at high flow periods.  However, they also 
observed that both methods showed similar seasonal trends, only the magnitudes differed.  
Their research highlights how timing of sampling may play a substantial role in the end result.  
For example, Charette et al. (2003) investigated the seasonality in radium activities in Great 
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Sippewissett Marsh, MA, where they observed higher activities in the summer relative to the 
winter.  This seasonality could be attributed to temperature effects such as decreased Ra 
adsorption in warmer temperatures. Yet, this study also emphasized other potential temporal 
mechanisms that would influence radium activities.  For instance, in drought periods, or 
periods of reduced precipitation, the freshwater-seawater boundary will shift landward, which 
would desorb radium in the sediments.  This shift would lead to a perceived larger 
groundwater flux.  Additionally, spring/neap tidal oscillations may also influence radium 
activities in the sediments in a similar way.  
The important message is that groundwater discharge in tidal marsh environments are 
highly variable in both space and time, and thus, difficult to constrain.  Continued work on the 
topic, including the study of new tidal marsh locations, as well as long-term seasonal studies 
will aid in constraining estimates of groundwater discharge in these coastal systems.   
The primary transport mechanisms outlined in this review—overland flow, creek bank 
seepage, and groundwater discharge—compose the majority of the water flux into and out of 
salt marshes, as well as facilitate the exchange of organic and inorganic materials.  With tidal 
forcing at the forefront, inundation and overland flow occur primarily on tidal timescales. 
However, due to local and non-local atmospheric forcings, subtidal water level fluctuations can 
occur at timescales from days to months, contributing to large water fluxes that influence 
exchange of dissolved and particulate materials.  Additionally, tidal pumping is the primary 
mechanism driving creek bank seepage dynamics.  Subsurface physical parameters also play a 
role, and our understanding of this process has increased tremendously with numerical 
modeling.  Work also continues on estimating submarine groundwater discharge, specifically in 
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salt marsh environments.  However, disentangling aquifer discharge from recirculated seawater 
is an ongoing task.  All of these water fluxes interact and overlap, and all of them contribute to 
the net exchange of materials between the salt marsh and the coastal ocean.   
Gaps in our knowledge still exist, however.  Uncertainty in the global extent of salt marshes 
and the magnitude of sea level rise limits our ability to assess the global role of salt marshes in 
coastal ecosystems and the carbon cycle.  Variation in inundation as well as areal extent is still a 
large uncertainty in estimates of water fluxes in salt marshes.  Advancements in our 
understanding of marsh-scale properties such as, flow paths, inundation, vegetation density, 
and morphology continue to be made using geospatial and digital elevation modeling.  
Another major uncertainty is groundwater inputs.  The numbers vary widely, and remain 
difficult to constrain due to the innate spatial and temporal variability in these fluxes.  
This dissertation research will add to the state of our knowledge on salt marsh hydrological 
processes, namely: contribute to advancements in overland flow and marsh inundation 
quantification using elevation-corrected LiDAR, continued work on investigating patterns in 
creek bank pore water seepage and linking numerical modeling and field observations, and 
adding to the database of groundwater discharge estimates. 
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CHAPTER III: Influence of winds and geomorphology on inundation and water fluxes in a 
Florida Gulf coast salt marsh1 
3.1 Introduction 
Positioned in the transitional zone between marine and terrestrial environments, salt 
marshes serve as an integral location for sediment and nutrient exchange.  In these low-relief 
landscapes, water flow is often circuitous, and may include divergent and bidirectional flow 
paths (e.g. Fagherazzi and Furbish, 2001; Fagherazzi et al. 2004; Jones et al. 2008).  Even small 
differences in elevation can influence sediment deposition, hydroperiod, and water storage 
and residence times.  These factors are also impacted by sea level rise, which can in turn have a 
significant influence on fluxes of biogeochemical elements (e.g. Friedrichs and Perry, 2001; 
Fagherazzi et al. 2012; 2013).  Water flow drives the transport of organic and inorganic 
material, exchange with coastal waters, and constraining these water fluxes in these coastal 
systems is important for calculating the flux of water-borne constituents.  
The hydrological processes that comprise the bulk of water fluxes in salt marshes are 
overland flow, creek bank seepage resulting from tidal recharge, and groundwater discharge.  
The frequent inundation of large marsh areas leads to large carbon and nutrient exchange  
__________________ 
1This chapter will be submitted as a publication with the following citation: “Esch, M., Cable, 
J.E., Seim, H., Meile, C., Seminara, D., and Schalles, J. Influence of winds and geomorphology 
on inundation and water fluxes in a Florida Gulf coast marsh.” 
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fluxes (Fagherazzi and Sun, 2004; Fagherazzi et al., 2013), where the net exchange is 
determined by small differences in solute concentrations during ebb and flood tides. Indeed, 
previous work has shown the net flux of organic carbon due to tidal exchange to be between a 
net export of 328 gC m-2 yr-1 to a net import of 175 gC m-2 yr-1. (Nixon 1980 and references 
therein; Chalmers et al. 1985; Childers et al. 2000 and references therein; Das et al. 2011). 
Additionally, although tides are the most energetic forcing for salt marsh inundation, these 
water fluxes can also vary at subtidal frequencies (e.g. wind and atmospheric forcing) and 
episodically due to storms.  Both atmospheric and tidal forcings influence salt marsh inundation 
and overland flow, and therefore the estuary-coastal ocean exchange of water, carbon, and 
nutrients.  Subtidal mixing and transport processes can be especially significant in the 
exchange of dissolved and suspended materials in shallow environments where tidal motions 
can become rapidly attenuated (Wong and Wilson, 1984). 
A number of studies have investigated subtidal volumetric exchange and mixing in 
drowned river valleys along the U.S. Atlantic coast (e.g. Wang and Elliot, 1978; Wang, 1979; 
Wong and Wilson, 1984; Reed et al. 2008).  Snedden et al. (2007) quantified subtidal variability 
in estuarine-marsh water levels along the Gulf coast in a heavily managed Louisiana system to 
determine the relative influence of atmospheric and river forcings on estuary water levels.  They 
showed that water levels were influenced by a combination of river and remote atmospheric 
forcings in the spring when Mississippi River water input was substantial.  Additionally, in the 
autumn, they found that estuary water levels were predominantly forced by along-shelf winds 
at the coast.  Additionally, several groups have studied variation in flood and ebb tides in 
marsh-tidal creek systems to understand how tides shape channel geometry and marsh 
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morphology, the extent of sediment deposition and erosion in tidal systems, and the frequency 
of marsh inundation (e.g., Bayliss-Smith et al. 1979; French and Stoddart 1992; Friedrichs and 
Aubry 1994; Fagherazzi et al. 2013).  Chuang and Wiseman (1983) completed research along 
the Texas-Louisiana shelf investigating sea level variations associated with wind forcing, and 
found that water level at Eugene Island, LA, largely responded to cross-shore winds due to the 
shallower water depth (relative to Galveston, TX) on the inner shelf in this area. The Big Bend 
region of northeastern Gulf coast has received less attention. Yet along this low-energy 
coastline, coastal orientation and inner shelf depth likely are important factors in determining 
the role of alongshore and cross-shore winds. 
Here we present an analysis of the influence of cross-shore versus along-shore wind 
forcing on water levels in a tidal creek-salt marsh system.  We examine the variations in tidal 
inundation volumes and areal coverage of our study marsh along a low-energy coastline in a 
protected region of the Gulf coast where the broad, shallow continental shelf and shape of the 
coastline inhibits wave energy.  We also explore the integrated influence of small-scale 
geomorphologic features and vegetation on marsh surface hydrology and discuss the 
implications for biogeochemical fluxes at the land-ocean interface.  
 
3.1.1 Study Site 
Our study region lies along the Florida Gulf coast just east of Apalachee Bay between 
the Aucilla and Econfina Rivers (Fig. 3.1).  Known as the Big Bend, this area extends south to 
Anclote Key and contains up to 41% of the state’s tidal marshes (Montague and Odum, 1997).  
The geology typical of the northern and central Gulf coast is rocky, drowned karst, with a wide, 
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shallow inner continental shelf and extensive seagrass meadows and marshes (Schroeder and 
Wiseman, 1986).  The sediments in this region are mostly sands, clays, and mixtures of these 
two (Isphording et al., 1985; Schroeder and Wiseman, 1986).  Barrier islands are not present 
along the coast east of the Ochlockonee River and around to the south until Cedar Keys. We 
found a thin (<2 m thickness) sediment layer of predominantly sand (>95%) overlying the 
dolomitic karst of the unconfined Upper Floridan Aquifer throughout our study site.  This 
region of the Gulf coast experiences somewhat mixed but dominantly semi-diurnal tides (Flick 
et al., 2003) ranging generally less than 1 meter, although the height of the tides can be 
strongly influenced by wind forcing in this area (Ward, 1980; Stumpf and Haines, 1998).  Our 
marsh study was conducted along a 2.9-km long tidal creek, Snipe Creek, located about 
halfway between the Aucilla River, a clear spring-fed/sink river (i.e. at times it is subterranean) 
draining the watershed from the northeast, and the Econfina River, a black water river draining 
a forested watershed from the east, and passing through the Econfina River State Park. About 
23 creeks drain the forested Aucilla Wildlife Maintenance Area through the marsh to the Gulf of 
Mexico, where Snipe is the longest and widest creek between the two bounding rivers. Mean 
water depth along the Gulf coast is about one meter.  The tidal range in Snipe Creek is around 
one meter, and Snipe Creek averages about 20 cm depth, referenced to NAVD88. 
 
3.2 Methods 
3.2.1 Time Series Records 
Four overland ~30-m long transects of pressure sensors (CTD Divers®) were installed in 
the marsh perpendicular to Snipe Creek to measure inundation of the marsh:  Marsh Transects 
		 28	
1 through 4 (marked within each small, boxed area in Fig. 3.1).  Each transect consisted of 2 to 
3 sensors placed within 2 to 3 cm of the sediment surface inside a 1.5-in diameter, schedule 40 
PVC casing that was vented at the top to allow atmospheric pressure changes and at the 
sediment-water interface to allow water flooding the marsh to enter the pipe.  One station was 
always next to the creek, with the other sensors placed about 10 to 15 m apart on a transect 
perpendicular to the creek towards the marsh interior. Absolute pressure measurements of 
water and atmosphere (±0.5 cm), along with water temperature (±0.1˚C) and conductivity (±0.1 
µS/cm), were collected for about 3 months from August 1 to November 9, 2012, in 15-minute 
intervals.  Stilling wells also recorded creek water levels (as absolute pressure) during the same 
time period at two locations: near the mouth of Snipe creek (Lower Creek Station) and 2 km 
upstream past the Hammock (Upper Creek Station). Absolute pressure was corrected for 
barometric pressure to obtain pressure head.  Barometric efficiency of the marsh waters was 
assumed to be 95%, which is likely a low estimate considering the surficial nature of the wells.  
Pressure head was corrected for density variations using the measured conductivity and 
temperature in each time series and normalized to fresh water pressure head (salinity = 0).  
Creek water levels are presented as freshwater equivalent head referenced to NAVD88.  Marsh 
transect water levels are presented as original data, where zero elevation represents the marsh 
surface. 
 The duration of inundation of the marsh surface was calculated from the overland 
sensor time series.  The length of time water was present on the surface was calculated for 
each flood event.  Four different hydroperiod types were defined for the length of our study: 1) 
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spring tide, 2) neap tide, 3) Hurricane Isaac in Aug./Sep. 2012, and 4) a low water period in late 
October, 2012.  The mean duration of inundation for each hydroperiod is reported. 
Hourly wind data for the time period covered in this study were acquired through the 
National Data Buoy Center (www.ndbc.noaa.gov) using station KTNF1 at Keaton Beach, 
Florida.  Wind direction, in degrees clockwise from true North, was resolved into North-South 
(N-S) and East-West (E-W) components, and then rotated 30 degrees clockwise to compute the 
cross-shore and along-shore wind components. Both direction components as well as the wind 
speed (m s-1) were interpolated to 15-minute intervals to match the water level time series 
records from the overland marsh transects. 
Time series measurements of flow velocity and water level were also recorded at two 
stations from July 28 to August 1, 2012, using acoustic Doppler velocity current meters.  
Measurements were taken in 60-second sampling bursts at 15-minute intervals at (1) the mouth 
of Snipe creek, using a Sontek® Argonaut-SW positioned on the bottom of the channel and (2) 
in a trenausse near the Hammock behind the overland flow transect, using a Sontek® Argonaut 
ADV-3D mounted to a pole in the center of the trenausse (Fig. 3.1).  Width and depth were 
collected across each reach, at Snipe mouth and the trenausse, and used to calculate discharge 
for both locations. 
 
3.2.2 LiDAR and Real-Time Kinematic Surveys 
Coastal Light Detection And Ranging (LiDAR) data were retrieved from NOAA Coastal 
Services Center’s Digital Coast website (www.csc.noaa.org/digitalcoast).  The Florida Division 
of Emergency Services collected the LiDAR for Taylor County, Florida, in July 2007.  We used 
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these data to generate a digital elevation model (DEM) for large-scale estimates of volumetric 
and areal inundation patterns at our study site.  It has been shown that LiDAR elevations in 
marshes are prone to greater error due to dense vegetation preventing the laser pulse from 
reaching the ground surface (Schmid et al., 2012; Hladik and Alber, 2012).  Thus, we also 
conducted real-time kinematic (RTK) surveys in the field in February and April of 2012 using a 
Trimble R8 GNSS® system to obtain a correction offset for the LiDAR dataset.  The RTK survey 
consisted of 433 elevation measurements throughout our study region (approximately 1.4 km2) 
with a calculated mean offset of 16 ± 26 cm (n=433).  We calculated an elevation offset for 
each RTK location and grouped them according to primary vegetation types present in our 
study area (Fig. 3.2).  Although there were differences in offsets according to vegetation type, 
we used the overall mean offset to correct our LiDAR.  This was done for two reasons: 1) the 
LiDAR data was collected years prior to our vegetation survey and during different seasons, 
and 2) the marsh consists primarily of Juncus roemerianus and Spartina alterniflora (71% and 
18%, respectively) and a weighted mean according to vegetation was the same as the overall 
mean.  Thus, we considered the mean of all measurements an accurate representation of the 
elevation offset for the study area.     
 
3.2.3 Marsh Vegetation Analysis 
Prior to analysis and interpretation, the georeferenced and orthorectified WorldView 2 
(WV2) imagery was processed using Harris Geospatial Solutions ENVI (Environmental for 
Visualizing Images) 4.7 software to fit with the specific needs of the research.  The initial image 
was radiometrically calibrated and converted from raw digital numbers using ENVI’s 
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Radiometric Calibration Tool. The WV2 image was then atmospherically corrected using the 
QUAC (Quick Atmospheric Correction) method.  
All non-marsh and aquatic features were masked and removed using a two-pronged 
approach. For the vast majority, features were removed by delineating spectral reflectance 
differences between aquatic and terrestrial habitats.  Near infrared (NIR) thresholds were 
chosen as delineation points since terrestrial features (vegetation in particular) are significantly 
more effective at reflecting incident NIR radiation than aquatic features (Jensen 2000, Lillesand 
2004). Pixel reflectance curves that lay below the lowest terrestrial threshold were masked and 
given blank values. 
The second masking approach was a manual method of removal and was used for areas 
of significant sun glint and mixed pixels.  Spectrally overlapping mixed pixels were most 
commonly found at the cross sections of herbaceous dominated upland and marsh pixels. In 
these instances, the first approach was inadequate in discriminating non-marsh vegetated 
habitats from salt marsh vegetation.  As a result, a digitizing tablet was used to outline the 
extraneous features and validated by ground truthing efforts.  
 From 4/15/12 – 4/21/12, vegetation ground truthing efforts encompassed ~2.5 km2 of 
estuarine environment.  During that campaign, which was simultaneous to the RTK survey, 99 
polygonal areas of interests (AOIs) were generated through the use of two Thales 
MobileMapper CE GPS receivers.  With sub-meter accuracy, these AOI polygons were carefully 
delineated by walking around stands of predominantly, monotypic vegetation. AOIs were 
chosen as at random and were required to have at least a 2m buffer of consistent vegetation 
on all sides. AOIs were recorded logged on the Thales receivers and notes describing the 
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vegetation type, structure, and surrounding environment were recorded. Throughout the 
campaign, over 3,000 m2 of polygonal data were acquired. 
 Two-thirds (66/99) of the AOIs were used as vector training classes and overlaid onto 
the WV2 image.  Unlike unsupervised remote sensing classification methods, these AOIs were 
used to cluster like-pixels into separate, distinct classes.  These classes were then used to ‘train’ 
or best determine the remaining pixels within the WV2 scene.  Running a Neural Network 
classification technique on ENVI, a vegetation map was generated. From there, the remaining 
third AOIs were used to determine the accuracy and validity of the vegetation classification 
map. 
 
3.2.4 Statistical Time Series Analysis 
Cross-correlation and cross-spectral analyses were used to compare time series in both 
the time and frequency domains (Jenkins and Watts, 1998; Emery and Thomson, 2001). Cross-
correlation was used to find potential lags between unfiltered water level time series, giving an 
estimate for the timing of inundation up the marsh.  Cross-spectral analysis provided energy 
spectra, a coherency spectrum, and a phase spectrum, using water level and wind data that 
were filtered using a 30-hr Butterworth, low-pass filter.  Additionally, a power spectral density 
estimate of the unfiltered creek water level data was computed using Thompson’s multitaper 
method.  The resulting spectrum was used to estimate the relative influence of tides versus 
wind forcings on marsh water levels by comparing the total energy above and below the 
subtidal frequencies (subtidal: 0.02 – 0.5 cycles per day).   
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3.3 Results 
3.3.1 Exploratory Data Analysis 
Overland water level time series data are shown for MT1, MT2, MT3, and MT4.  Filtered 
and unfiltered time series data are shown for the stilling wells at both the Upper and Lower 
Creek Stations (Fig. 3.3). When the marsh is fully inundated, a difference in peak heights was 
observed in each of the marsh transects.  This is due to a combination of vegetation and 
topography, not a sloping water table.  This characteristic variability can be observed in Marsh 
Transect 4 (MT4), placed near the hammock, where the data indicate an area of lower elevation 
near the back-most sensor where water pools behind the marsh levee.  The water pooling on 
the marsh leads to slower filling and draining, relative to the other sensor locations. In addition, 
our study captured Hurricane Isaac, which passed through this region around August 29, 2012, 
but its influence expressed as wind and precipitation can be observed from August 28-30, 
2012, in all of the overland time series records, as well as the Upper and Lower Creek Stations. 
At the end of October, a second extreme event was observed as a period of little to no water 
on top of the marsh. 
To quantify any lag in inundation from the mouth to upstream, we used cross-
correlation analysis to compare the Lower Creek Station time series to the Upper Creek Station 
time series, as well as to each of the creek-side sensors from the marsh transects. The analysis 
showed a 1.25-hour lag between the Lower Creek Station and the Upper Creek Station.  No 
lag was found between the Lower Creek Station and the nearby Marsh Transects 1 and 2. 
However, between the Lower Creek Station and the Marsh Transect 3, there was a time lag of 
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0.25-hours, and between the Lower Creek Station and Marsh Transect 4, there was a 0.75-hour 
lag.  
Lags were also investigated for overland flow across the marsh surface by comparing 
the creek-side water level sensor to the interior marsh water level sensor for each of the marsh 
transects.  Cross-correlation analysis did not detect any lag between the creek-side and the 
interior marsh sensors in any of the marsh transects.  The only exception was Marsh Transect 4, 
where the lag was 2.5 hours from the creek-side to the interior marsh sensor. This calculated 
lag is likely a result of the flattened and smeared signal from the most-inland sensor, which is 
likely due to the sensor being placed in a topographic depression that is not as responsive to 
tidal flooding. 
Stage-discharge relationships were plotted for two locations in the tidal creek-marsh 
system – at Snipe Creek mouth and upstream near the hammock in a small tidal channel (Fig. 
3.4). Both sites show asymmetry in stage-discharge relationships, which becomes more 
apparent in the small tidal creek upstream as the channels branch and narrow. The peak 
volumetric flow on the flood tide occurs after the marsh has been overtopped, while the peak 
in discharge on ebb tide occurs once the water level has dropped below the marsh surface, 
leading to the downward slope at the top of each plot (Fagherazzi et al., 2013). Not only do 
these surges occur at different stages on flood and ebb, but the surge is much greater on the 
flood tide than on the ebb tide at the upstream location.  
 
3.3.2 Cross-Spectral Analyses 
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Time series records for creek stage, overland water levels, and wind speed for along-
shore and cross-shore components were collected and analyzed for correlations and cyclical 
patterns. All water level time series depict the same general pattern with ’peaks’ occurring 
approximately every 10 days (Fig. 3.2). This pattern can also be observed in the wind record 
(Fig. 3.5). 
Relationships between the filtered Lower Creek Station and Upper Creek Station water 
levels, as well as between the filtered Lower Creek Station and each of the filtered wind 
components, were examined using cross-spectral analysis. We compared the Lower Creek 
Station to the Upper Creek Station. The water level time series were highly coherent (> 0.9) at 
all frequencies less than 0.5 cycles per day and the phase lag, if any, was very small (1.25 
hours). Thus, only the Lower Creek Station time series was used in the cross-spectral analysis 
with both wind components.   
The cross-spectra for each wind component and water level are similar; however more 
energy is present in the cross-shore winds and water level, particularly at frequencies less than 
0.10 cycles per day (Fig. 3.6).  The phase for each correlation pair is also presented and 
represents the lag of one signal with respect to the other. Very little lag appears at most 
frequencies between the water level and the cross-shore winds, whereas the along-shore winds 
are primarily either ±180 degrees, (Fig. 3.6), which is indicative of an Ekman response. Thus, a 
positive along-shore wind (in this case, 120° south of North) correlates to a negative response 
in water level, and vice versa.  Lastly, the squared coherence is a measure of the correlation 
between variables in the frequency-domain.  Coherence for the water level and the cross-shore 
wind as well as the along-shore wind are significant at frequencies above 0.10 cycles per day 
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(Fig. 3.6).  A dip occurs in coherence to below significant values for both wind components 
around 0.5 cycles per day, or once every 48 hours.  
The power spectrum for the unfiltered Lower Creek Station data was used to determine 
the relative influence of tides and winds on marsh water levels.  Analysis estimated 62% tidal 
influence and 38% subtidal. 
 
3.3.3 Vegetation and LiDAR Analyses 
Vegetation analysis showed that the marsh was predominantly Juncus roemerianus 
(71%), followed by Spartina alterniflora (18%) and a mixture of the two (6%) (Fig. 3.2A).  
Spartina was largely observed in low-lying regions near the creek banks.  Additionally, some 
wrack was identified along the Gulf of Mexico shoreline (yellow in Fig. 3.2A).   
We explored variation in the areal extent of inundation using LiDAR data, as well as 
quantified volume estimates of inundation using a combination of LiDAR and overland marsh 
water level data. A hypsometric curve representing the enclosed area in Figure 3.1 was 
calculated using the LiDAR data (Fig. 3.7). We used the marsh transect water level data to 
calculate mean high tides during spring and neap tides, as well as during the low period in 
October and Hurricane Isaac at the end of August.  The maximum high tides we recorded were 
about 1 meter above NAVD88, occurring during Hurricane Isaac. Based on the vegetation and 
RTK corrected LiDAR, the majority of the watershed is inundated (87%) at this tidal height 
(Table 3.1; Fig. 3.7).  
Additionally, we compared the LiDAR results to our overland marsh sensor data. We 
used an approximate 10,000 m2 area surrounding each marsh transect in the LiDAR dataset 
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(Fig. 3.1) to compare the topographic volume of inundation estimated from the RTK-corrected 
LiDAR to the volume of inundation derived from the overland sensors (Fig. 3.8). Volumes from 
marsh transects were calculated by using the average water level from each transect and 
multiplying by the area of the enclosed box. Although a sloping water table can exist on flood 
and ebb tides due to topography, we assumed no slope in water surface across the short (~100 
m) distance of each area. Results varied for each transect, but in general the storage curves 
calculated from LiDAR elevations were similar to the storage curves calculated from the water 
level data.  Marsh Transects 1 and 2 showed the best fit between the calculated empirical (field 
data) and theoretical (topographic) volumes.  The offset in initial inundation of the marsh 
surface observed most clearly in MT 3 is likely due to the overcorrection of the LiDAR by the 
mean RTK-offset value used.  The large spread observed in the calculated storage for MT 4 is 
representative of the topographic depression in which the back sensor was placed.  This 
resulted in slower filling and draining for this area of the transect.  The calculated volumes of 
inundation for Marsh Transects 3 and 4 show how small variations in marsh topography and 
vegetation at small scales can influence the propagation of water over the marsh surface.  The 
LiDAR, however, does not easily capture these effects. 
 
3.4 Discussion 
3.4.1 Hydrologic Forcing and Transport 
The eastern and northeastern Gulf of Mexico is home to a large surface area of shallow 
estuary environments, where winds are a significant force influencing water level variations due 
to the high wind fetch (McKee and Baskaran, 1999; Robbins et al., 2009). In concordance with 
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this forcing, we also found a significant temporal correlation between winds and variations in 
subtidal water level at our study site (Fig. 3.6).  Along the Atlantic Coast and in some parts of 
the Gulf of Mexico, it has been shown that the along-shore winds are primarily responsible for 
altering the barotropic pressure gradient, forcing coastal-estuary exchange through Ekman set-
up/set-down (e.g. Carter et al. 1979; Wiseman 1986; Schroeder and Wiseman 1986).  However, 
coastline orientation and fetch are important factors in directional wind forcing.  Additionally, 
friction associated with nearshore bathymetry can affect the impact of cross-shore winds.  
Chuang and Wiseman (1983) found that water level at Eugene Island, LA, largely responded to 
cross-shore winds due to the more shallow water depth (relative to Galveston, TX) on the inner 
shelf in this area.  Our results also depict a slight dominance of the cross-shore winds, relative 
to the along-shore winds.  Although both wind directions are significantly coherent with water 
level and evidence of Ekman set-up/set-down appears in the analysis, more energy is present 
in the water level—cross-shore wind cross-spectrum and a slightly higher coherence occurs 
(Fig. 3.6).  In addition, the large peaks in water level observed in fall 2012 appear to be cyclical, 
occurring approximately every 10 days (Fig. 3.5). This is in line with the 3-10 day frequency 
band for the passage of frontal systems in the region (DiMego et al. 1976, Cragg et al. 1983, 
Crout et al. 1984).  Furthermore, the low water period in late October, 2012 occurs 
simultaneous to a strong, positive along-shore wind, as well as a period of negative cross-shore 
winds.  In combination, these winds would drive water out of the marsh toward the Gulf of 
Mexico.  It is also apparent from the overland marsh sensors that water on the marsh surface 
responds to the wind forcing in the same way as the creek. The timing of the peaks in all the 
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marsh transect time series depict a similar response to that of the creek water level stations 
(Fig. 3.3).  
Although tides are the dominant forcing for water exchange in estuary environments, 
subtidal, or low-frequency, sea level fluctuations in association with winds or other atmospheric 
forcings have been shown to be important, capable of inducing large volume transport 
(Beardsley et al., 1976; Wang and Elliot, 1979; Wang, 1979; Salas-Monreal and Valle-Levinson, 
2008).  For instance, Wang (1979) found the primary volume exchange in Chesapeake Bay was 
3 to 5 times the magnitude of riverine input, and was driven primarily by east-west winds.  
Additionally, Wong and Wilson (1984) showed that subtidal volumetric exchange and mixing 
due to longshore winds in Great South Bay, New York, were more significant than tidal mixing 
due to the longer time scale and enhanced flushing.  Subtidal mixing and transport processes 
can be especially significant in the exchange of dissolved and suspended materials in shallow 
environments where tidal motions can become rapidly attenuated (Wong and Wilson, 1984).  
This energy dissipation moving up-estuary can be observed in the increased skew of the stage-
discharge relationship moving upstream along Snipe Creek (Fig. 3.4).  Although asymmetry is 
apparent at both the creek mouth and upstream tributary, caused by peak flows occurring at 
different stages for the flood and ebb tides, it is much greater at the upland location (Fig. 
3.4B).  This skew toward the rising tide may be due to a greater upstream pressure gradient on 
flood tide relative to ebb tide (Blanton et al., 2002). A stronger flood tide, relative to ebb tide 
is indicative of increased frictional damping in shallower waters, such as would be found in the 
upper parts of the salt marsh (Blanton 1969, Blanton et al. 2002).   
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The storage curves for the four overland flow sensor transects also show how 
topography and vegetation can act to alter the flow field of water on and off the surface of the 
marsh (Fig. 3.8).  The measured storage curves for Marsh Transects 1 and 2 match the LiDAR 
(e.g. topographic) storage curves well; however, further upstream the measured storage curves 
begin to diverge further from the LiDAR/topographic storage curves.  Miller and Gardner 
(1981) also compared measured and topographic storage curves in North Inlet, South Carolina.  
Their comparison, however, was between topographic-based storage and storage calculated 
from current measurements in the main channel.  They also observed that the measured 
storage curves diverged from the topographic storage curve after 1.3 m tidal height.  The 
divergence was due to the inability of the current measurements in the main channel to 
capture the volume of water entering the basin as sheet flow across the surface of the marsh.  
In our study, although we calculated storage from measured sheet flow across the surface of 
the marsh, we also observed a divergence from the topographic storage in the upper reaches 
of the marsh.  In our case, the measured storage curves are capturing the variation in 
topography and vegetation for which LiDAR-based storage curves are slightly too coarse. For 
instance, there may be topographic boundaries preventing the flow of water to areas of the 
marsh that are below the tide level, which wouldn’t be captured in the LiDAR-based 
calculations. 
Volume of inundation varied considerably over the course of our study (Fig. 3.7), 
particularly related to two episodic events that were associated with extreme water levels in our 
study: Hurricane Isaac (high water, HI) and a relatively strong wind event with positive along-
shore (120° East of North) and negative cross-shore (seaward) winds (low water, LW).  These 
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two extremes span a volume range of almost 7.4 x 105 m3, which is approximately 44 times the 
discharge of the Mississippi River per second. However, above about 0.65 m tidal height, 
which occurs about 10% of the time, approximately 75% of the watershed is inundated (Fig. 
3.7B). Thus, beyond this tidal height, water is more likely to rise rather than spread, due to 
topographic boundaries. It also implies that under large-volume inundation events a greater 
volume of water must enter and exit the marsh over the course of one tidal cycle. These large 
volume exchange events could be important in terms of sediment resuspension and erosional 
shear stress over the long term in a tidal creek-marsh system. For instance, Fagherazzi and 
Priestas (2010) demonstrated that wave height at the coast was highly correlated to sediment 
concentration in the marsh channel, particularly during a flood tide. Under conditions of cross-
shore winds pushing water toward the coastline and into the marsh channel network, significant 
sediment transport could occur, which could be aided by the abundant supply of sediment on 
the extensive, shallow tidal flats of the adjacent Gulf of Mexico.  
Sediment transport is important in terms of marsh accretion and sea level rise and is 
largely controlled by the frequency and duration of tidal flooding (Marion et al. 2009, 
Fagherazzi et al. 2012).  Inorganic sediment deposition only occurs when the marsh is flooded; 
hence, variation in flooding events leads to variable sediment loading.  Moreover, a flood- or 
ebb-dominant tidal structure will influence the net movement of sediment.  A flood-dominant 
tide, or when the strongest peak currents occur on flood rather than ebb tide, will tend to 
move sediment landward (Friedrichs and Perry, 2001; and references therein).  However, a net 
sediment flux landward can still occur in an ebb-dominated estuary (Blanton et al. 2003). 
Although the stage-discharge plot at the mouth of Snipe creek (Fig. 3.4A) doesn’t show a 
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significant flood- or ebb-dominance, further upstream a flood-dominant tidal structure is seen 
(Fig. 3.4B), which may aid in marsh accretion.  A similar shift in the stage-velocity diagrams was 
observed by Blanton et al. (2002) in the Satilla River, GA, related to a steady dissipation of tidal 
energy up-channel. 
It has also been shown that winter cold fronts in the northern Gulf region play a large 
role in marsh accretion.  Cahoon and Turner (1987) demonstrated that the passage of cold 
fronts was responsible for most of the sediment deposition in southern Louisiana salt marshes.  
Additionally, Reed (1989) indicated that cold fronts passing near Terrebone Bay, LA, provide 
the best conditions to both mobilize sediment and transport it to the marsh surface.  
Furthermore, the change in the wind direction after the cold front passage can depress water 
levels allowing for the settling and consolidation of newly deposited sediment (Reed 1989).  
Longer residence times of water on the marsh associated with greater volumes of inundation 
due to sea level rise could increase sediment deposition in our study marsh.  
 
3.4.2 Implications and Conclusions 
Marsh flooding occurs on both tidal and subtidal time scales and allows the surface, as 
well as the vegetation to interact with tidal waters.  We presented upper and lower bounds for 
the volume of water exchanged over a tidal cycle, as well as the area inundated for four 
different hydroperiods (Table 3.1).  This range encompasses both a period of very low water, as 
well as hurricane conditions, both a result of the interplay between tidal and atmospheric 
forcings.  The knowledge of the influence these forcings have on the inundation of the marsh 
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and the transport of surface waters is essential to our understanding of the biogeochemistry of 
salt marshes under different hydrological regimes.   
Carbon storage, especially in coastal regions such as salt marshes, has become a topic 
of great urgency as scientists investigate ocean carbon budgets.  Marshes represent one of the 
major carbon repositories in coastal regions and the threat of sea level rise increases our 
uncertainty about the vulnerability of the carbon storage.  In addition to buried carbon, a 
persistent release of carbon to the ocean must occur from surface processes. Undoubtedly, an 
exchange of carbon, as well as other nutrients and sediment occurs every time the marsh is 
flooded and drained; however, the marsh vegetation is a source of dissolved carbon to the 
overlying waters, particularly upon inundation.  It is important to consider how this dissolved 
carbon source may change with more frequent storm surges or rising mean sea level.  Using an 
average net primary production rate for southeastern salt marshes of 1,275 gC m-2 yr-1 
(Hopkinson 1988; Cai, 2011), and assuming that a maximum of 10% of that production is 
leached from marsh vegetation (Turner, 1993), then approximately 128 gC m-2 is leached 
annually.  That correlates to a daily value of 35 mgC m-2.  Based on the inundated area 
calculated from our corrected LiDAR, storm surge conditions (Hurricane Isaac) increase the 
daily amount of leached carbon potential for our study marsh by 43% (from 2.96 gC day-1 to 
4.24 gC day-1).  Although this leached carbon is a small number, with more frequent storms 
predicted as a result of climate change, this dissolved carbon source could become more 
significant, as areas of the marsh that are not typically inundated may become more frequently 
inundated.  Additionally, the relative rate of sea level rise for our study area is around 0.2 cm 
per year (tidesandcurrents.noaa.gov/sltrends). As an example, based on our LiDAR data, the 
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difference in area inundated between 0.60 m tide level and 0.62 m tide level leads to an 
approximate 2.6% increase in amount of leached carbon from marsh vegetation, assuming no 
change in marsh ground elevation.  This small percent increase is only representative of our 1.4 
km2 study marsh, which is located in a region that is experiencing moderate relative rates of 
sea level rise.     
 The Econfina area of Florida is a pristine, low-energy coastline with extensive salt marsh 
coverage.  Few previous studies have investigated this region of the northern Gulf of Mexico.  
This study demonstrates that the winds have a strong influence on the water levels in our study 
marsh.  In particular, the cross-shore winds were highly coherent and likely provide strong, local 
atmospheric forcing.  This atmospheric forcing is likely aided by both the coastal orientation 
running Northwest-Southeast, as well as the broad shelf strengthening wind fetch.  In addition, 
through the use of LiDAR and RTK ground surveys, we calculated a mean Spring-Neap marsh 
sheet flow inundation volume for the Snipe Creek marshes of approximately 2.8 x 105 m3 of 
water, with a maximum of nearly 8.0 x 105 m3 in hurricane conditions, and a minimum of 
approximately 0.64 x 105 m3.  The technique of using LiDAR has improved our ability to 
evaluate the area and volume of inundation in coastal regions, but may be made even more 
accurate with more highly resolved vegetation data. We could also continue to work on 
determining the reasonable and adequate number of data points for RTK ground truthing and 
vegetation mapping to fit within a realistic time frame and monetary expense of most field 
studies. As estimates for increased sea level rise and more frequent storm surges become more 
certain, the areal coverage of inundation increases and exposure to marsh vegetation also 
increases.  Consequently, export of leached carbon as well as particulate organic matter from 
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the marsh may increase. These data argue, at a minimum, for the continued addition of 
accurate surface elevation databases for coastal regions such as salt marshes.  
 
3.5 Table and Figures 
Table 3.1. Range of values are presented for areal inundation, volumetric inundation, as well as 
percent cover of the watershed at each condition. 
 Low Neap Spring Hurricane 
Area of watershed inundated 
(x 105 m2) 
3.10 6.46 10.2 12.2 
Percent cover (%) 22.1 46.2 72.7 87.0 
Volume of water on marsh 
surface (x 105 m3) 
0.64 1.72 3.79 7.99 
Residence time on marsh 
surface (hr tidal cycle-1) 
4.5 5 4.5 7.8 
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Figure 3.1.  Map depicting the location of the study site in Snipe Creek along the Gulf coast of 
Florida. The study site is located within the coastal, unconfined aquifer (dark blue) of Florida. 
The light gray shade represents confined Floridian aquifer.  The gray map shows a more 
detailed Florida coastline and indicates the study marsh in relation to the NOAA buoy where 
wind data was retrieved.  The black outline in the gray map is represented by the elevation 
map which was created using the LiDAR dataset collected online from NOAA’s Digital Coast 
website (http://coast.noaa.gov/digitalcoast/).  The solid black line encloses our study area.  The 
marsh surface water transects are shown as solid black lines.  Each transect is outlined by a 
dotted black line that represents ~10,000 m2, labeled as, “MT #”, representing “Marsh 
Transect”.  The locations of the two creek water level sensors are marked with red stars.   
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Figure 3.2. A) Results of the neural network classification for marsh vegetation.  Colors 
represent vegetation types: green represents Juncus roemerianus, red represents 
Spartina alterniflora, brown represents mixtures of Juncus and Spartina, blue represents 
vegetated flats, and yellow represents wrack. B) Box-and-whisker plot showing the 
spread of elevation offset values for classified vegetation types.  Vegetation type, 
“Other”, includes upland vegetation such as Batis and Salicornia.  Elevation error is 
defined as the LiDAR elevation minus the Real-Time Kinematic (RTK) elevation. Each 
box encloses the middle 50% of the data, with the horizontal line depicting the 
median.  The whiskers extend to approximately ±2.7 standard deviations, and outliers 
are shown as solid gray circles. The dotted, horizontal line shows the overall mean 
offset used for the correction of the LiDAR (0.16 m).  
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Figure 3.3. Timeseries plots of all water level data from: A). Lower Creek Station, B). Upper 
Creek Station, C). Marsh Transect 1, D). Marsh Transect 2, E). Marsh Transect 3, and F). Marsh 
Transect 4.  The creek station plots include both the unfiltered (dotted black line) and filtered 
(solid black line) data.  In all marsh transect plots, blue represents the sensor closest to the 
creek, red represents the sensor farthest from the creek, and green represents the sensor in the 
middle.  All marsh transects include three sensors, except for Marsh Transect 3 (E), where only 
two sensors were deployed.  Pressure head data shown for all the marsh transects are original 
data, where zero elevation represents the surface of the marsh.  The time periods outlined in a 
black dotted line represent two significant hydrodynamic regimes: 1) Hurricane Isaac, and 2) An 
extended period of low water on the marsh as well as in the creeks. 
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Figure 3.4. Stage-discharge plots for two locations in the study area at A) the mouth of 
Snipe Creek, and B) upland, in a small tidal creek, near Marsh Transect 4.  Flood tide 
corresponds to a negative discharge, while ebb tide corresponds to a positive 
discharge.  
 
 
Figure 3.5. Timeseries of the filtered creek and wind component data.  The solid blue 
line represents the filtered data from the Lower Creek Station.  The solid green line is 
the cross-shore wind component, with positive wind speed corresponding landward 
wind direction.  The dotted green line is the along-shore wind component, with 
positive wind speed corresponding to a 120° wind direction (where North = 0°).   
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Figure 3.6. Results of the cross-spectral analysis between the filtered Lower Creek 
Station water level data and each of the wind components (along-shore and cross-
shore).  Results include the relative spectral density (top), the phase (middle), and the 
squared coherence (bottom).  In each plot, the dotted black line represents the creek 
and the along-shore wind results, and the solid black line represents the creek and the 
cross-shore wind results.  In the bottom plot, the dotted gray line represents the level 
of significant coherence (0.19).   
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Figure 3.7. The volume of water on the marsh surface for each hydrological condition 
(top), and the area of marsh covered at each hydrological condition (bottom).  The 
hydrological condition abbreviations are as follows: Low Period (LP), Neap Tide (NP), 
Spring Tide (ST), and Hurricane Isaac (HI).  The data are from the elevation-corrected 
LiDAR dataset corresponding to the large, outlined study area in Figure 1.  The shaded 
area in each graph represents the elevation error, where the bottom of the shaded area 
corresponds to the original, uncorrected LiDAR data.  The correction used was the 
mean elevation offset from the Real-Time Kinematic elevation survey within the study 
area and is -0.16 m. 
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Figure 3.8. Theoretical (solid black line) and measured (black dots) topographic storage 
curves for each of the four marsh transects.  Theoretical storage curves are from the 
elevation-corrected LiDAR for a ~10,000 m2 areas around each marsh transect.  The 
gray shaded area represents the elevation error, where the bottom of the shaded 
region corresponds to the original, uncorrected LiDAR data. The measured storage 
curves utilize the water level data from each sensor in the marsh transect.  The mean 
water level was calculated for every tidal stage and multiplied by the enclosed area 
around each marsh transect (~10,000 m2).  The differences between theoretical and 
measured storage demonstrates how geomorphologically variable the marsh surface is 
and indicates the importance of spatial variability in estimating the response of a marsh 
to external drivers, like sea level rise. 
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CHAPTER IV: Creek bank seepage fluxes: Modeling and field observations2 
4.1 Introduction 
Marsh pore water seepage represents an important connection between the marsh 
subsurface and the tidal creek network for both the water cycle in the system and 
biogeochemical exchange (e.g., Yelverton and Hackney, 1986; Howes and Goehringer, 1994; 
Gardner and Wilson, 2006).  Additionally, this flow has both discharge and recharge behavior, 
which is critical to flushing sediments and delivering O2 to the system (e.g., Krest and Harvey, 
2003; Wilson and Gardner, 2006).  Tidal pumping largely drives this advective flux that is a 
mixture of tidal recharge waters, existing pore waters, and groundwater.  Due to temporal and 
spatial variability of coastal marshes, capturing and quantifying discharge or seepage is 
difficult; however, several studies have examined creek bank seepage using a number of 
different field techniques, including well transects (e.g., Agosta 1985; Jordan and Correll, 1985; 
Yelverton and Hackney, 1986), chemical or dye tracers (e.g., Jordan and Correll, 1985; Krest et 
al., 2000), nested mini-piezometers (e.g., Harvey et al. 1987), and seepage meters (e.g., 
Whiting and Childers, 1989; Howes and Goheringer, 1994). The seepage estimates resulting 
from just three of these studies (Jordan and Correll, 1985; Harvey et al. 1987; Howes and  
__________________ 
1This chapter will be submitted as a publication with the following citation: “Esch, M., Meile, C., 
and Cable, J.E., Modeling and field observations of marsh creek bank seepage fluxes from 
Snipe Creek, Florida, USA.” 
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Goehringer, 1994) are quite variable (0.009 to 0.07 m3 per longitudinal meter of creek bank per 
tide), which may be due, in large part, to the differences in the physical environments. 
However, when it comes to the hydrology of subsurface fluxes in tidal environments, only so 
much can be inferred from field measurements. Numerical modeling has tremendous 
advantages in observing patterns of flow and calculating total volume of discharge. 
A number of modeling studies have advanced our understanding of seepage dynamics 
over various time scales (e.g. Gardner 2005a, Wilson and Gardner 2006, Wilson and Morris 
2011). Modeling studies are valuable assets that allow for the investigation of how 
geomorphology, stratigraphy, sediment physical properties, and tidal pumping influence 
seepage.  For instance, Gardner (2005b, 2007) investigated how physical parameters such as 
specific yield, hydraulic conductivity, geomorphic structure of the creek bank, and sediment 
stratigraphy influence seepage. Additionally, Wilson and Morris (2011) found that groundwater 
flushing increased with increases in tidal amplitude. Studies have also shown that creek bank 
seepage appears to be at a maximum at the point where the creek water level falls on the 
vertical bank (Wilson and Gardner 2006, Wilson and Morris 2011). Even with continued 
advancements in models of these systems, such as the 3-D creek-marsh system model 
developed by Xin et al. (2011) to investigate interactions between surface and subsurface 
waters, studies linking modeling and field results from one system are still infrequent.  
Although the study of creek bank seepage dynamics in tidal marshes continues to 
progress, relatively few studies have attempted to link DOC or other nutrient concentration 
data to creek bank seepage. Some earlier works concluded that pore water seepage was not a 
significant pathway for DOC export. Yelverton and Hackney (1986) calculated a DOC export of 
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only 1.52 gC m-2 yr-1 in a North Carolina salt marsh. In 1994, Howes and Goehringer calculated 
that only approximately 12 gC m-2 yr-1 was exported via pore water seepage in the Great 
Sippewissett marsh, MA.  Additionally, carbon fluxes of 216 gC m-2 yr-1, were reported from 
North Inlet (Goñi and Gardner, 2003), in a setting where inflowing and outflowing total 
dissolved carbon concentrations differed by only 0.5 mM, which is a fraction of the observed 
increase of both DOC and DIC concentrations in salt marsh pore waters with depth (Weston et 
al. 2006).  It is possible that DOC concentrations are not high near the creek bank due to 
enhanced drainage and tidal flushing. For instance, Howes and Goehringer (1994) observed 
large water fluxes and speculated that this allowed for significant oxygenation of creek bank 
sediments. On the other hand, Whiting and Childers (1989) found that concentrations of 
ammonium and phosphorus were significantly higher in advected subsurface pore waters than 
in overlying waters in the North Inlet marsh, S.C. More recently, Wilson and Morris (2011) used 
modeled discharge and pore water concentrations of ammonium and phosphate to estimate 
export fluxes of these nutrients in North Inlet, S.C. Their results suggest that seepage is indeed 
an important pathway for biogeochemical export in non-river-dominated estuaries.  
Salt marsh pore water biogeochemistry is highly influenced by the frequency of flushing 
and thus pore water residence times (Morris 2000). In a South Carolina salt marsh, porewater 
residence times were shown to be variable, ranging from less than 1 hour to more than 2 days 
(Bollinger and Moore 1993). Areas of more rapid flushing, and thus shorter pore water 
residence times, may be hotspots of biogeochemical activity. Creek banks are the exchange 
boundary between tidal forcing and the marsh platform, and they have been shown to be 
circulation hotspots (Hagen and Meile, 2011). It is apparent that creek banks are dynamic 
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locations where water and potentially significant concentrations of dissolved carbon and 
nutrients are exchanged on relatively rapid timescales. As field measurements are typically time 
and space integrative in nature, it is valuable to characterize seepage dynamics on short time 
scales (minutes to hours) in order to facilitate a more thorough understanding of how tides 
influence discharge.  
This study examines dynamics of creek bank seepage across a tidal cycle and at 
different spatial scales: an instantaneous rate at the creek bank seepage face (cm-scale), creek 
bank-marsh surface (m-scale), and across an upland-creek bank transect (marsh scale).  
Additionally, the seepage collectors allow for the observation of minute-scale changes in creek 
bank seepage in the field.  A combination of field and modeling approaches allows us to 
evaluate how location of the measurements may or may not impact discharge estimates. We 
present seepage velocities quantified from each approach within a short reach of a tidal creek 
to understand effects. 
 
4.1.1 Study Site 
Our study region lies along the Florida Gulf coast just east of Apalachee Bay between 
the Aucilla and Econfina Rivers (Fig. 4.1).  This section of Florida, known as the Big Bend area, 
extends south to Anclote Key and contains up 41% of the state’s tidal marshes (Montague and 
Odum, 1997).  The geology typical of the northern and central Gulf coast is rocky, drowned 
karst, with a wide, shallow inner continental shelf and extensive shallow water seagrass 
meadows and coastal marshes (Schroeder and Wiseman, 1986).  The sediments in this region 
are mostly sands and clays (Isphording et al., 1985; Schroeder and Wiseman, 1986), with a low 
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organic matter content (2 to 50%; pers. comm. Jill Arriola). Barrier islands are not present along 
the coast east of the Ochlockonee River and around to the south about 200 km until reaching 
the Cedar Keys. We found a thin (<2 m thickness) sediment layer of predominantly sand (>95%) 
overlying the dolomitic karst of the unconfined Floridan Aquifer throughout our study site.  This 
region of the Gulf coast experiences somewhat mixed but dominantly semi-diurnal tides (Flick 
et al., 2003) ranging generally less than 1 meter, although the height of the tides can be 
strongly influenced by wind forcing in this area (Ward, 1980; Stumpf and Haines, 1998, Esch et 
al. in prep).  Our marsh study was conducted along a 2.9-km long tidal creek, Snipe Creek, 
located about halfway between the Aucilla River, a clear water spring-fed/sink/rise river 
draining the watershed from the northeast, and the Econfina River, a black water river draining 
a scrub pine and oak forested watershed from the east, and passing through the Econfina River 
State Park. About 23 creeks drain this marsh system, with Snipe being the longest and widest 
tidal creek between the two bounding rivers of this 7 km2 salt marsh system.  Snipe Creek and 
the nearby creeks all drain the marsh directly from the Aucilla Wildlife Management Area. 
Instrumentation was deployed near a hammock, located approximately halfway up Snipe Creek 
(Fig. 4.1).  Mean water depth along the Gulf coast is about one meter.  The tidal range in Snipe 
Creek is around one meter, and Snipe Creek averages about 20 cm depth (relative to 
NAVD88). 
 
4.2 Methods 
4.2.1 Field methods 
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Seepage rates were investigated at three sites along Snipe creek near the hammock: 
Site 1, Site 2, and Site 3 (Fig. 4.1) using a combination of wells and seepage collectors.  Three 
to four seepage collectors were installed in the creek bank at Site 1 (S1A-C) and Site 2 (S2A-D).  
Seepage collectors were not capable of remaining upright in the creek bank at Site 3 due to 
the strong current around the cut bank side of the creek. Seepage collectors were constructed 
in an L-shape using 2-in diameter, schedule 40 PVC, and were designed to be horizontally 
inserted into creek banks, and remain in place for several tidal cycles.  The horizontal section of 
the PVC “L” was 20 cm and was fully inserted into the creek bank to obtain a tight seal and 
connection with the creek bank. Each collector had a flat bottom that was sealed to prevent 
water entering from the creek.  The upright section of the “L” of the seepage collectors 
extended vertically, perpendicular to the creek bank face, and to a height sufficient to prevent 
inundation, or water entry from the top.   
Additionally, two wells placed approximately 1 m and 2 to 3 m back from the bank were 
installed at each site (Site 1: W1A, B; Site 2: W2A,B, and Site 3: W3A,B; Fig. 4.2).  Wells were 
constructed using 1.5-in diameter, schedule 40 PVC casing, and were screened over the entire 
below-surface interval.  Both wells and seepage collectors were equipped with pressure 
sensors, and were capped and vented at the top to allow atmospheric pressure changes.  
Absolute pressure measurements of water and atmosphere (±0.5cm), along with water 
temperature (±0.1˚C) and conductivity (±0.1 mS/cm), were collected from wells and seepage 
collectors from November 9 to November 12, 2012, in 15-minute intervals. A barologger was 
installed on the hammock tree island within 75 m of the site. Creek water levels were also 
recorded (as absolute pressure) during the same time period.  Absolute pressure was corrected 
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for barometric pressure to obtain pressure head.  Barometric efficiency of the marsh waters was 
assumed to be 95%.  Pressure head was corrected for density variations using the measured 
conductivity and temperature and normalized to fresh water pressure head (salinity = 0).  All 
water levels are presented as freshwater equivalent head referenced to the creek water sensor. 
 
4.2.2 Seepage Quantification 
Seepage was calculated using two methods; one utilized the seepage collectors, the 
second utilized the pressure gradient between the wells and the creek. The former represents 
an instantaneous seepage rate, or cm-scale seepage at the creek bank, while the latter 
calculates a potential seepage rate using Darcy’s Law.  
The seepage collectors communicate the pressure head 20 cm into the bank such that 
the water level in the seepage collector is equivalent to the pressure head 20 cm into the bank, 
at the creek bank height at which collector is inserted.  Thus, a seepage velocity would be 
defined as the negative change in water level over time in the collector for each time point in 
the time series.  
We calculated an instantaneous seepage velocity using the following (Equation 1): 
!"# = − &'(&) #*++,#)*-               (1) 
where VSC is the seepage velocity (m s-1), hp is pressure head (m), and t is time (seconds).  It is 
important to note that the length of PVC inserted into the creek bank is a significant factor in 
the resulting seepage velocities.  The most rapid change in groundwater levels occur closest to 
the creek bank, which has been shown in previous research (e.g. Yelverton and Hackney, 1986; 
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Harvey et al. 1987; Howes and Goehringer, 1994).  Additionally, drawdown is typically greater 
nearer the creek bank, relative to just meters into the marsh.  This can also be observed in the 
well data from this study.  Thus, by using a 20-cm length of PVC inserted into the creek bank, 
we are specifically observing the rate of drawdown/infiltration 20 cm into the creek bank, which 
is assumed to be equal to the rate of seepage/infiltration. 
The pressure gradient between the wells and the creek was used to calculate an 
average linear seepage velocity, q, using Darcy’s Law (Equation 2): 
. = /0123 4(,678894(,:;77<=>?                                       (2) 
where κ is permeability (10-11 m2), µ is dynamic viscosity (10-3 Pa•s), ρ is pore fluid density at 
salinity = 25 and temperature = 10°C (1019 kg m-3), g is gravitational acceleration, hp is 
pressure head (m) for the creek or well, L is the distance between the well and the creek (m), 
and qS is porosity measured from well cuttings at the site (0.425).   
 
4.2.3 Modeling Description   
The model represents a 2D cross-section of an upland hammock-marsh-tidal creek 
transect (Fig. 4.3). The upland boundary resides at the middle of an upland hammock, a relict 
beach ridge tree island located on the marsh platform adjacent to our sites. The creek-side 
boundary extends to the middle of the tidal creek.  Both are symmetry boundaries at natural 
flow divides. The bottom boundary is no-flow, representing a horizontal impermeable layer as 
determined by well installations and the geologic record (Schroeder and Wiseman, 1986). The 
creek bank and marsh surface represent a pervious sediment layer, subject to tidal forcing, 
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where the external pressure is hydrostatic or atmospheric depending on inundation levels.  The 
domain features a fairly steep creek bank (slope = 2.6; 1.3 m rise over 0.5 m length) with a 
more gently sloped rise (slope= 0.2; 30 cm rise over 1.5 m length) to the marsh platform. 
Additionally, the marsh surface is slightly sloped downward toward the creek, sloping 40 cm 
over 45 m length (slope = 0.009). This geometry was observed throughout our study area. 
Fluid flow was modeled in COMSOL v4.4. A form of Richards equation from Reeves et 
al. (2000), which accounts for changes in total stress due to tidal loading was used (Equation 3): 
@ABA*C + @E" FG6FH FHF) = ∇ J;J2K ∇ L − @M + @ABNA*C FOF)                                                             (3) 
where ρ = pore fluid density at salinity = 25 and temperature = 10°C (1019 kg m-3); Sw = pore 
fluid fraction; Sop = specific storage of marsh sediments, or (porosity x the sediment matrix 
compressibility) + the fluid compressibility; θs = saturated fluid fraction, or porosity (0.425 or 
0.30), P = pressure (Pa); κr = relative permeability; κ = saturated permeability (10−11 or 10-12 m2); 
η = viscosity (10−3 Pa·s); g = gravitational acceleration (9.8 m s−2); ζ = loading efficiency, which is 
equal to the compressibility of the sediment matrix divided by the specific storage; and σ = 
total stress, which varies as a function of tidal height and inundation (Table 4.1). Constitutive 
relationships are required in order to describe the boundary between saturated and 
unsaturated conditions and are used to compute Sw and κr (Gardner and Wilson 2006): 
AB = >;/ >?/>; ,P∗RST	(W,4()>?                     (4) 
 
Y- = Z[∗\]^	(_,'()                            (5) 
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where θr is residual fluid fraction, or the minimum volume ratio of water contained in the pore 
space, α is inverse capillary rise (1m-1), and hp is pressure head (m).   
Model simulations were run using either a permeability of k = 1 x 10-11 m2 and a porosity of 
0.425, which is representative of the sandier sediments as Site 1 and 3, or k = 1 x 10-12 m2 and a 
porosity of 0.30, which would represent peat-rich sediments observed at the creek bank at Site 
2. Tides were assumed to be sinusoidal with an amplitude of 0.8 m and a period of 12.4 hours.  
Mean tide was set at 2.1 m in all simulations.   
All simulations were performed with a maximum time step of 60 seconds, and each simulation 
was run over enough tidal cycles to reach a repeatable flow pattern.  
 
4.3 Results 
4.3.1 Time series and seepage velocities 
 The creek bank seepage collectors displayed two different behaviors likely in response 
to differences in sediment characteristics: 1) a rise and fall that followed the creek closely; and 
2) a much slower rate of change with a smaller overall amplitude, as well as a temporal offset in 
maximum and minimum pressure head relative to the creek (Fig. 4.4). Those placed at Site 1 all 
displayed the same behavior except for S1A, which changed behavior after being re-
positioned during deployment.  Additionally, S1C had to be re-installed during deployment, 
after which the water level in the collector went to zero at low tide.  At Site 2, all collectors, 
except S2D, displayed the second behavior, rising and falling at a slower rate.  All the wells had 
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a similar pattern, with wells closest to the creek bank having lower pressure head at low tide 
than the wells further back, indicating a pressure head gradient (Fig. 4.5).   
Seepage velocities over each tidal cycle were calculated using both the seepage 
collector and well transect time series from the field (Fig. 4.6, Table 4.2).  Additionally, model 
simulations were used to provide seepage velocities from various heights along the model 
domain’s creek bank (Fig. 4.7, Table 4.2). All seepage velocities are presented as average 
linear velocities. Seepage velocities from collectors displaying type 1 behavior had an overall 
mean of 2.9 x 10-5 m s-1, and an average maximum of 6.5 x 10-5 m s-1 (the maximum velocity 
occurred near the end of ebb tide when the head gradient was greatest).  Collectors displaying 
type 2 behavior had an overall mean of 6.1 x 10-6 m s-1, and an average maximum of 1.5 x 10-5 
m s-1. Front well-to-creek seepage velocities averaged 2.2 x 10-5 m s-1, while back well-to-creek 
averaged 1.2 x 10-5 m s-1. Maximum seepage velocities among the front wells averaged 6.4 x 
10-5 m s-1, and the mean maximum seepage velocity for the back wells was 4.3 x 10-5 m s-1.  
Modeling results generally show an increase in maximum seepage velocity moving 
down the creek bank.  Seepage velocities from the lowest two points on the creek bank in the 
model are most representative of the placement of seepage collectors in the field, and our 
field results are comparable to the model (Table 4.2). Results for the lowest placement on the 
creek bank (0.2 m above the creek bed) show maximum seepage velocities between 1.75 to 
7.8 x 10-5 m s-1, depending on permeability.  Mean seepage velocity was 4.38 x 10-5 m s-1 for 
the lowest probe (i.e. model measurement point) where a permeability of 1 x 10-11 m2 was 
used.  For a permeability of 1 x 10-12 m2, seepage velocities averaged 1.05 x 10-5 m s-1.  
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Averaged across the creek bank boundary for each permeability, mean seepage velocities 
were calculated at 3.2 x 10-5 m s-1 or 9.3 x 10-6 m s-1. 
 
4.3.2 Timing  
Maximum seepage follows the tide line down the creek bank over a falling tide, in line 
with previous studies (e.g. Gardner, 2005a, 2005b).  At any point on the creek bank, seepage is 
greatest when the creek water level intersects that point.  Timing for maximum seepage in the 
field is similar to what we see in the model. Additionally, the timing of maximum seepage 
velocities calculated from the wells occurs after the maximum for the seepage collectors, due 
to the time it takes for the steepest pressure gradient to form further back in the marsh (Fig. 
4.6). 
Our model simulations provide a visual representation of the subsurface dynamics 
occurring over a tidal cycle (Fig. 4.8).  Mid-falling tide shows fairly lateral subsurface flow 
toward the creek bank, with the greatest magnitude occurring just below the tide line.  At low 
tide, creek bank seepage is at its maximum, with some flow out of the creek bed as well. On 
rising tide, some recharge occurs through the creek bank, and upward bidirectional flow occurs 
before overtopping the marsh platform.  Once the tide has overtopped the marsh, maximum 
recharge follows the tide line along the gently sloped marsh surface. Most of the infiltration or 
recharge occurs through the marsh platform (>86%), relative to the creek bank, although the 
creek bank does get recharged slightly before the creek water level overtops the marsh.  
However, most of the outflow occurs as seepage through the creek bank on the falling tide 
(82% of seepage, normalized to boundary length of 1.4 m high creek bank and 5 m wide creek 
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bed) relative to the creek bed.  Porewater seepage from the creek bed and creek bank is 0.43 
m3 per longitudinal meter of creek per tide.  
 
4.4 Discussion  
 Both field methodologies and the model simulations gave comparable mean seepage 
velocities, ranging between 1.5 x 10-5 and 8.0 x 10-5 m s-1.  We observed heterogeneity in the 
type of seepage behavior displayed by the seepage collectors in the field, which we attribute 
to sediment variability.  Collectors displaying slower, lower amplitude changes in water level 
were inserted into a muddy layer in the creek bank, as in Site 2, which had a shorter creek bank 
with muddier sediments.  Site 2 was located along an inside bend of Snipe Creek allowing for 
more accumulation and deposition of finer-grained sediments, or the shorter bank allowed for 
a muddy layer to be found lower on the creek bank where we inserted the seepage collectors.  
In contrast, the water levels in Site 1 seepage collectors demonstrated a more rapid rise and 
fall, closely following the creek.  This site was characterized by a tall (1.3 m) creek bank with 
greater than 90% sands at its base.  Muddier sediments extended to depths of 40 to 60 cm at 
Site 1.  A two-layer soil stratigraphy of muddy, lower permeability sediments on top of a high 
permeable sand layer is commonly found in marshes (Hughes et al. 1998; Gardner and Porter, 
2001; Carol et al. 2011).  It is likely that the seepage collectors at the two different sites were 
inserted into different sediment layers with differing permeabilities.  Subsurface flow in 2-layer 
systems has been previously modeled (e.g. Gardner, 2007; Wilson and Morris, 2011; Xin et al. 
2012). Gardner (2007) showed that maximum seepage shifts to the base of the creek bank, as 
opposed to following the tide line when the sand layer is located at the base of the creek bank.  
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Additionally, Wilson and Morris (2011) showed that flow is predominantly downward in the 
upper mud layer (k = 10-14 m2).  Xin et al. (2012) also demonstrated this downward flow in an 
upper mud layer in 3-D marsh system simulations.  They also were able to show that marsh 
drainage increased as a result of enhanced vertical flow down to the sandy layer, in effect 
acting as a preferential flow path for marsh pore waters.  Similarly, Garder (2007) found that 
total seepage increased by an order of magnitude when a sand layer is present beneath marsh 
mud. 
Crab burrows add to the heterogeneity of marsh sediments, which can enhance 
infiltration of overmarsh flood waters.  Fiddler crab burrows were high in number at our field 
site (5 to 15 burrows m-2), which would certainly introduce variability in pore water flow rates 
and patterns and possibly creek bank seepage.  For instance, Xin et al. (2009) modeled the 
effect of crab burrows in an upper low-permeability layer on pore water flows in marsh system.  
They found that crab burrows also act as preferential flow paths, increasing the volume of 
exchange between the marsh subsurface and tidal creeks.  Our modeled seepage rates 
integrated flow across the entire marsh platform, but did not incorporate crab burrows.  
However, the good agreement between our field and model results indicate crab burrows may 
not account appreciably for an increase in creek bank seepage at our marsh site, or possibly 
the sandy sediments and high permeability outweighs any additional consequences of crab 
burrows.     
 Using the 2-well transects, we observed the area directly behind the creek bank (within 
approx. 1 meter) undergoes rapid water table decline, following the creek water level closely in 
most cases.  At 2 to 3 meters back from the creek bank, the water table fluctuations only 
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diminished slightly.  This close relationship between the creek water and marsh porewater 
indicates rapid circulation and flushing of pore waters very close to the creek bank. Yelverton 
and Hackney (1986) reported that 82% of annual seepage occurred within 0 to 0.5 m of the 
creek in a field study using piezometers in a North Carolina salt marsh.  In addition, the 
comparable results between the seepage velocities calculated from the seepage collectors and 
those estimated by numerical simulations is also indicative of a large percentage of the total 
seepage occurring very near the creek bank since the seepage collectors are inserted only 20 
cm into the bank. 
A large volume of water is discharged via the creek banks in the Snipe Creek marsh 
every tidal cycle, and is typically higher than what has been reported elsewhere (Table 4.3). 
Harvey et al. (1987) reported between 11.2 L (levee site) and 13.8 L (creek bank site) per meter 
creek bank per tide from a field study performed in Carter Creek Marsh, VA, where the 
hydraulic conductivity used was K = 7.4 x 10-4 cm s-1.  This seepage corresponds to 
approximately 0.01 to 0.04 m3 per meter creek bank per tide.  Gardner (2005a) ran multiple 
numerical simulations varying the slope of the bank, width of the channel bottom, and 
thickness of a mud layer.  All cases except one used a hydraulic conductivity (K) of 0.000776 m 
hr-1 (corresponding to a permeability of 10-14 m2). Generally, most of these cases produced 
seepage volumes between 4 and 5 L per meter creek per tide.  One case used K = 10-4 m s-1, 
corresponding to the permeability used in our study (10-11 m2).  Seepage volume for this case 
was 1720 L m-1 tide-1 (Gardner, 2005a), which is much higher than what we calculate from our 
simulations.  Wilson and Gardner (2006) calculated discharge volumes in numerical simulations 
using the same hydraulic conductivity as this study (10-4 m s-1), and a slightly lower porosity 
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(0.3).  In their baseline case, they report 0.22 m3 discharged from high to low tide per meter 
creek bank.  Discharge volume per m creek bank per tide increased as they increased hydraulic 
conductivity: 1.2 m3 with K = 10-3 m s-1 and 4.9 m3 with K = 10-2 m s-1.  Our results of 0.43 m3 
(430 L) discharged per meter creek bank per tide are higher than the similar hydraulic 
conductivity case, but lower than the volumes calculated for the cases with higher hydraulic 
conductivities (e.g. 1720 L per m creek bank per tide from Gardner, 2005a).  However, Wilson 
and Morris (2011) ran a number of simulations for various marsh elevations, tidal amplitudes, 
and sediment permeabilities, including a 2-layer marsh/sand system.  Simulations for a 
permeability of 10-11 m2 produced discharge volumes between 0.4 and 0.5 m3 per meter creek 
bank per tide, similar to what we have reported here.  
Our seepage velocities from the field as well as model simulations are also higher than 
what has been reported in the literature, primarily from modeling studies.  Again referring to 
Gardner (2005a), the mean seepage velocity reported for Case 1 was maximum lower on the 
creek bank, where they measured 0.0008 m hr-1, or ~2.2 x 10-7 m s-1.  When a sand layer is 
added beneath a mud layer, as was done by Gardner (2007), the mean seepage velocity 
increased to 0.004 m hr-1, or approximately 1 x 10-6 m s-1, largely from the bottom of the creek 
bank, near the sandy layer.  It was also observed that more seepage occurred out of the creek 
bed, particularly when the bottom was free of mud.  Both simulations result in lower seepage 
velocities than we have calculated here. Possible reasons for the faster seepage velocities 
calculated in this study are creek bank geometry or the sediment characteristics of this study 
marsh are over 95% sand.  Using sediment grain size analyses from sediment cores taken from 
several locations within the marsh and the Krumbein and Monk equation (Krumbein and Monk, 
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1943), we calculated the permeability used in these calculations (10-11 m2).  This k value is 
relatively high compared to what has been reported from prior seepage studies, where 
muddier sediments were reported (e.g Gardner 2005a; Wilson and Morris, 2011).  Additionally, 
geometric features may also play a role in creek bank seepage velocities. 
The slopes of the creek banks at our study marsh were quite steep—around 110 
degrees, as represented in the slope of the creek bank in the model geometry.  We also 
included a small slope to the marsh platform in the model to represent the elevation change 
across the transect in the field.  These geomorphic features of the environment likely influence 
seepage.  For instance, Gardner (2005b) found that increases in the slope of the creek bank 
monotonically increased the net seepage discharge as well as decreased the amount of 
seepage that discharged from the creek bottom.  Also, numerical simulations by Wilson and 
Morris (2011) showed that in more permeable sediments (10-11 m2), a sloped marsh platform 
induced slightly more flow to occur due to the development of a small hydraulic gradient.  The 
Snipe Creek marsh in our study represents this case where high permeability sediments in a 
two-layer system, a steep creek bank, and the presence of crab burrows may enhance 
seepage. 
Tidal amplitude and inundation of the marsh also play a role in subsurface pore water 
flows and creek bank seepage.  Changes in seepage due to changes in tidal amplitude and 
marsh inundation have been studied using numerical simulations as well. For example, one of 
the cases simulated in Gardner (2005a) included nearly doubling the tidal amplitude, from 0.75 
m to 1.45 m and yielded a slightly higher seepage volume (5.4 l m-1 tide-1, relative to ~5.0 l m-1 
tide-1). Increasing the tidal amplitude also decreased low tide to nearly 5 cm above the creek 
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bed, which increased the volume discharged via the creek bed as the creek bank was nearly 
drained entirely.  Wilson and Morris (2011) altered both tidal amplitude and the marsh 
elevation in relation to mean water level (MWL).  Results showed increases in seepage flux with 
increases in tidal amplitude, regardless of the permeability, stratigraphy, or shape of the marsh 
platform.  However, increases in MWL led to increases in groundwater flushing only if the 
increased water level allowed for greater area of marsh to be inundated.  Further increases in 
MWL decreased groundwater flushing, primarily due to the fact that increasing MWL led to less 
of the creek bank being exposed at low tide.  Changes in MWL may be associated with storm 
surges on the timescale of days, or decadal-long variations in climate and sea surface 
temperature.  For our study marsh, approximately 90% of the land surface was inundated 
during Hurricane Isaac (Esch et al. in prep).  It is likely then that further increases in MWL due to 
increased rates of sea level rise could diminish creek bank seepage fluxes without further marsh 
platform elevation gains.  Additionally, it has been suggested that creek bank seepage can 
enrich plant productivity due to limiting the build-up of salt (Gardner, 2005a) as well as 
oxygenating the subsurface sediments (Howes and Goehringer, 1994).  Increasing plant 
productivity and growth can, in turn, stabilize the creek banks, as well as augment 
sedimentation rates by reducing marsh platform flow velocity, which may be beneficial for the 
stability of the marsh. 
We found agreement among three seepage methodologies (2 field, 1 numerical 
simulation), which allowed us to analyze seepage dynamics on timescales of minutes over a 
range of spatial scales from local (cm-scale) to bank scale (meters) to marsh platform (tens of 
meters).  The range of spatial scales allowed for more detailed information of creek bank 
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seepage. Mean seepage velocities from field results, as well as numerical simulations were 
sensitive to permeability, not unexpectedly.  The high sand content (high permeability) is likely 
a primary reason for the difference in our seepage values from previously reported values.  
Creek bank seepage appears to be a significant water flux to tidal creeks.  Additionally, the 
zone 20 cm back from the creek bank undergoes rapid head changes and seepage fluxes, 
comparable to our model results.  The 20-cm horizontal distance into the creek bank seems to 
capture seepage velocities comparable to the model creek bank velocities.  In other marshes, 
the optimum horizontal distance may not be the same; however for this marsh the seepage 
collectors were a favorable alternative to inserting wells so close to the creek bank, which likely 
would not have been feasible.  The Big Bend region of the northern Gulf of Mexico has 
remained relatively pristine compared to other coastal areas in the U.S. and consequently 
received little attention due to the low population in the area. This region where marshes have 
seen very little impact from humans represents a potential index of resilience for salt marshes in 
the face of rising sea levels. Accelerated sea level rise will most certainly influence future 
seepage velocities and creek bank discharge volumes, which may influence soil aeration, plant 
productivity, and carbon and nutrient export.  Compared to more impacted coastal marshes 
near urban centers and developed regions, these marshes of the Gulf of Mexico may provide 
an example of how we should expect a healthy marsh to respond. 
 
4.5 Tables and Figures 
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Table 4.1. Table of model parameters and properties, defined, with values used when 
applicable. 
Property or Parameter Symbol Value Unit 
Fluid density ρ 10191 kg m-3 
Fluid compressibility3 Xf 4.7 x 10-10 Pa-1 
Permeability2 k 10-11 10-12 m2 
Porosity2 θs 0.425 0.30 - 
Matrix compressibility3 Xm 8.2 x 10-7 Pa-1 
Residual fluid fraction θr 0.255 - 
Salinity S 25 - 
Temperature T 10 °C 
Tidal amplitude - 0.8 m 
Mean water level - 1.2 m 
Viscosity μ 10-3 Pa•s 
1Density is calculated as a function of temperature and salinity as follows: ρ = 1000.0821 + 
0.7925S – 0.0324(T-4) – 0.0052(T-4)2 – 0.0021S(T-4) 
2For simulations using a k = 10-11, a porosity of 0.425 was used, and when k = 10-12 a porosity of 
0.30 was used. 
3From Wilson and Gardner, 2006 
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Table 4.2. Mean and maximum seepage velocities for each seepage collector, well-to-creek 
transect, and each model probe for both permeabilities used.  Model probe heights are given 
as height above creek bed.  All seepage velocities are presented as average linear velocities.  
Porosity used was 0.425 for all calculations, except the model simulations with k = 10-12 m2, 
where 0.30 was used. 
Field Seepage Velocities 
Collector Mean Seepage Velocity (m s-1) Max Seepage Velocity (m s-1) 
S1A 2.2 x 10-5 6.2 x 10-5 
S1B 3.5 x 10-5 6.2 x 10-5 
S1C 3.0 x 10-5 6.3 x 10-5 
S2A 5.1 x 10-6 1.3 x 10-5 
S2B 7.6 x 10-6 1.7 x 10-5 
S2C 5.7 x 10-6 1.5 x 10-5 
S2D 2.2 x 10-5 6.1 x 10-5 
 
Well   
W1A 1.7 x 10-5 5.0 x 10-5 
W1B 1.7 x 10-5 4.5 x 10-5 
W2A 2.1 x 10-5 6.3 x 10-5 
W2B 1.6 x 10-5 3.1 x 10-5 
W3A 2.9 x 10-5 8.0 x 10-5 
W3B 2.4 x 10-5 5.2 x 10-5 
Model Seepage Velocities 
k = 1 x 10-11 m2   
Location   
Probe 1 (0.2 m) 4.38 x 10-5 7.79 x 10-5 
Probe 2 (0.5 m) 3.48 x 10-5 8.06 x 10-5 
Probe 3 (0.8 m) 1.37 x 10-5 6.37 x 10-5 
Probe 4 (1.0 m) 2.92 x 10-6 5.78 x 10-5 
Probe 5 (1.25 m) 1.04 x 10-6 2.38 x 10-5 
Creek bank Boundary 3.22 x 10-5  
k = 1 x 10-12 m2   
Probe 1 (0.2 m) 1.05 x 10-5 1.77 x 10-5 
Probe 2 (0.5 m) 1.01 x 10-5 1.77 x 10-5 
Probe 3 (0.8 m) 4.58 x 10-6 1.44 x 10-5 
Probe 4 (1.0 m) 9.58 x 10-6 1.07 x 10-5 
Probe 5 (1.25 m) 2.92 x 10-7 4.19 x 10-6 
Creek bank Boundary 9.31 x 10-6  
 
Mean Seepage Velocity for Collectors Type 1:     2.9 x 10-5 m s-1 
Mean Seepage Velocity for Collectors Type 2:     6.1 x 10-6 m s-1 
Mean Seepage Velocity for Front Wells:               2.2 x 10-5 m s-1 
Mean Seepage Velocity for Back Wells:                1.2 x 10-5 m s-1 
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Table 4.3. A summary of seepage volumes and permeabilities found in the literature.  
Study Location Method 
Permeability 
(m2) 
Seepage Volume 
(m3 per m creek 
bank per tide) 
Reference 
Carter Creek 
Marsh, VA 
Darcy flow in 
piezometers 
10-13 0.112 – 0.0138  
Harvey et al. 
1987 
North Inlet, SC 
Numerical 
simulations 
10-14 0.004 – 0.005 
Gardner, 2005a 
10-11 1.72 
Sapelo Island, GA 
and U.S. 
southeast salt 
marshes 
Numerical 
simulations 
10-11 0.22 m3 
Wilson and 
Gardner, 2006 
10-10 1.2 m3 
10-9 4.9 m3 
U.S. southeast salt 
marshes 
Numerical 
simulations 
10-11 0.4 – 0.5 m3 
Wilson and 
Morris, 2011 
Snipe Creek, FL 
Numerical 
simulations 
10-11 0.43 m3 This study 
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Figure 4.1. Maps depicting the location of the study site in Snipe Creek along the Gulf coast of 
Florida. A). The study site is located within the coastal, unconfined aquifer (dark blue) of 
Florida. The light gray shade represents confined Floridian aquifer.  The coastline stretch 
bordered in red is the extent of the Big Bend region.  B). The gray map shows a more detailed 
Florida coastline and indicates the location of the study site with a black rectangle.  C). The 
gray-scale elevation map was created using the LiDAR dataset collected online from NOAA’s 
Digital Coast website (http://coast.noaa.gov/digitalcoast/). Lighter colors are higher in 
elevation, where the highest elevation is marked at the hammock with a dashed line.  Elevation 
is meters above NAVD88. Solid white areas are water and show the location of Snipe Creek as 
well as small tributaries. Sites 1, 2, and 3 are labeled to show where instrumentation was 
deployed.  
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Figure 4.2. A schematic showing a seepage collector and a 2-well transect as it was set-up in 
the field.  Seepage collectors were placed as close to the creek bed as possible.  A CTD-
Diver® was used in both the wells and the seepage collectors.  Additionally, a CTD-Diver® was 
placed on the outside of a seepage collector to record creek water level. 
 
 
 
 
 
 
 
 
 
Figure 4.3. A schematic showing the geometry of the tidal creek-marsh model domain. The 
bottom represents an impermeable boundary. 
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Figure 4.4. Time series of pressure for the Snipe Creek (A), seepage collectors at Site 1 (B), and seepage collectors at Site 2 (C).  The 
flattening observed on ebb tide for S2D (solid black line; Panel C) is due to the water level in the seepage collector falling below the 
pressure sensor, or the seepage collector being empty. 
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Figure 4.5. Time series of pressure head for Snipe Creek (A), and each of the wells at Site 1 (B), Site 2 (C), and Site 3 (D).  Front wells are 
depicted with a solid black line, while back wells are represented with the dotted black line. 
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Figure 4.6. Time series of pressure head for Snipe Creek is shown with a blue line with the y-axis on the right.  Seepage velocities for two 
types of seepage collectors are shown in green (Type 1: S2D, dotted green line and Type 2: S2B, solid green line) and one set of wells are 
shown in black (Site 1: front well, solid black line; back well, dotted black line), and referenced to the left y-axis.   
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Figure 4.7. Model output of seepage velocity for the creek bank probe.  The model tide is also 
plotted to show timing of seepage. Results from both permeabilities used are shown: A) k = 10-
11 m2 and B) k = 10-12 m2. Note the differences in the y-axis scales. 
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Figure 4.8. Model images from four moments over a tidal cycle.  The top panel (A) shows the 
full model transect.  The color map depicts level of saturation, where dark blue is fully 
saturated or saturation = 1. The boxed area depicts the section of the model domain shown in 
panels B – E.  Panels B-E zoom in to the creek bank to show dynamics over a tidal cycle. The 
horizontal black solid line to the left of the creek bank in each image (B-E) depicts the elevation 
of the tide. B) falling tide, C) low tide, D) rising tide before platform inundation, E) platform 
inundation.  Darcy flow field is shown with black arrows, or white arrows in the top panel (A), 
where size is proportional to magnitude.  Additionally, the magnitude of the Darcy flow is 
shown with colored streamlines in panels B-E, where warmer colors are a greater magnitude.  
The color scale is shown to the right of each image. Note that the scales for low and high tide 
(C, and E, respectively) are larger than the scales for rising and falling tide (B, and D, 
respectively), and all are multiplied by 10-6.   
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CHAPTER V: Using CDOM and 222Rn as tracers to investigate the hydrological processes in a 
pristine Floridan salt marsh 
 
5.1 Introduction 	 Salt marshes are dynamic ecosystems largely due to their connection to both the 
terrestrial upland and coastal ocean.  Freshwater runoff and groundwater discharge from the 
terrestrial network (as well as groundwater discharge from within the marsh) can greatly 
influence marsh ecology, such as soil salinity, plant zonation, and biogeochemistry (Thibodeau 
et al. 1998; Wilson et al. 2015).  Additionally, tides facilitate mixing and rapid transport of 
inorganic and organic materials into and out of the marsh, influencing the energetics as well as 
the carbon and nutrient dynamics of the system. Terrestrial runoff is often a sizeable source of 
dissolved organic matter (DOM) in coastal ecosystems delivered by rivers and streams from 
upland watersheds (Rochelle-Newall and Fisher, 2002; Chen and Gardner, 2004; Huang and 
Chen, 2009). An optically measured component of DOM is known as chromophoric or colored 
dissolved organic matter (CDOM) and has been shown not only to be exported from tidal 
marshes (Tzortziou et al. 2008; Tzortziou et al. 2011), but has also been used as a tracer of 
water masses as well as a tracer for DOM input, transport, and transformation (e.g. Chen and  
__________________ 
1This chapter will be submitted as a publication with the following citation: “Esch, M., Cable, 
J.E., Chen, R., and Gardner, B., Using CDOM and 222Rn as tracers to investigate hydrological 
processes in a pristine Florida salt marsh on the Gulf of Mexico, USA.” 
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Gardner, 2004; Gardner et al. 2005; Wang et al. 2014).  Photodegradation is a primary sink of 
CDOM, which releases compounds used by microbial organisms, impacting biogeochemical 
cycling in aquatic environments (Moran and Zepp, 1997).   
Seasonal variations in dissolved organic carbon (DOC), DOM and CDOM have been 
observed in several studies and watersheds (e.g. Meyer et al. 1998; Fellman et al. 2009; 
Catalán et al. 2013; Wilson et al. 2013; Singh et al. 2014).  Leaf fall in autumn, when many 
plants begin to senesce for the winter, often provides a significant pulse of DOM to soils and 
streams via the chemical leaching of compounds as well as microbial breakdown of the leaf 
litter (Meyer et al. 1998; Singh et al. 2014).  Meyer et al. (1998) found that leaf litter contributed 
approximately 30% of the daily DOC export in a forested Appalachian headwater stream and 
was greatest in autumn.  Although most studies refer to forested watersheds, this same 
phenomenon likely occurs in salt marsh ecosystems. Valiela et al. (1978) observed an increase 
in particulate organic carbon in the tidal waters of Great Sippewissett Marsh in Massachusetts 
in the late winter/early spring as well as the late summer/early fall.  More recently, Schiebel 
(2016) found higher DOC concentrations leached from plants in the fall in the Neponset Salt 
Marsh in Boston, Massachusetts. 
Groundwater has also been shown to influence biogeochemical cycling in some salt 
marsh environments (Valiela et al. 1978; Krest et al. 2000; Slomp and Van Cappellen, 2004; 
Wilson and Morris, 2011) and can be a source of dissolved organic carbon (DOC), dissolved 
inorganic carbon (DIC), nutrients, and other dissolved constituents such as fertilizers and 
pesticides (Baker et al. 2000; Slomp and Van Cappellen, 2004; Shen et al. 2015).  Several 
processes drive groundwater flow in marshes, including: upland freshwater discharge, 
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precipitation, evapotranspiration, tidal fluctuations, and geomorphology and stratigraphy of 
the marsh environment (Gardner, 2007; Wilson and Morris, 2011).  Groundwater discharge in 
coastal systems may occur as either seepage flow through the surficial aquifer in nearshore 
sediments, or as spring flow from submarine springs (e.g. Cable et al. 1996a; Taniguchi et al. 
2002).   This spatial variability due to geological heterogeneity is further complicated by a 
temporal variability due to climate variations, making groundwater discharge difficult to 
measure.  Radon-222 (222Rn) is a useful geochemical tracer for groundwater discharge in coastal 
environments (e.g. Cable et al. 1996b; Corbett et al. 1998; Lambert and Burnett, 2003), and 
more recently continuous measurements of 222Rn with an automated system has made higher 
resolution groundwater measurements possible (Burnett et al. 2001; Burnett and Dulaiova, 
2003).     
CDOM may also be influenced by precipitation as several studies have noted a positive 
correlation between precipitation events and dissolved organic carbon concentrations (Hinton 
et al. 1998; Xenopoulas et al. 2003).  The purpose of this study is to utilize CDOM and 222Rn as 
tracers to elucidate water sources and increase our understanding of marsh hydrological 
processes and carbon export.  We examine trends in CDOM and 222Rn time series 
measurements, and investigate what the differences or similarities in trends reveal about the 
surface and subsurface hydrology in a pristine, undeveloped Florida salt marsh along the 
northern Gulf of Mexico. 
 
5.1.1 Study Site 
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Our study region lies along the Florida Gulf coast just east of Apalachee Bay in the Big 
Bend region of the Gulf of Mexico.  Fieldwork focused on a salt marsh between the Aucilla and 
Econfina Rivers and was completed in the St. Mark’s and Wakulla Rivers, on the north side of 
Apalachee Bay (Fig. 5.1).  This Big Bend section of Florida extends south to Anclote Key and 
contains up 41% of the state’s tidal marshes (Montague and Odum, 1997).  The geology typical 
of the northern and central Gulf coast is rocky, drowned karst, with a wide, shallow inner 
continental shelf and extensive seagrass meadows and marshes (Schroeder and Wiseman, 
1986).  The sediments in this region are mostly sands, clays, and mixtures of sand and clay 
(Isphording et al., 1985; Schroeder and Wiseman, 1986).  Barrier islands are not present along 
the coast east of the Ochlockonee River and around to the south until Cedar Keys. We found a 
thin (<2 m thickness) sediment layer of predominantly sand (>95%) overlying the dolomitic 
karst of the unconfined Floridan Aquifer throughout our study site, consistent with previous 
work (Scott, 1992; Wood and Hine, 2007).  This region of the Gulf coast experiences somewhat 
mixed but dominantly semi-diurnal tides (Flick et al., 2003) ranging generally less than 1 meter, 
although the height of the tides can be strongly influenced by wind forcing in this area (Ward, 
1980; Stumpf and Haines, 1998).  West central Florida has a subtropical climate with a dry 
season typically from February to May, a wet season associated with extratropical storms from 
June to October, and a short winter storm season from November to January. 
Our marsh study included a range of river types.  The Econfina River (Econfina) is a 
black water river draining a forested watershed from the east, and passing through the 
Econfina River State Park.  The 2.9-km long tidal creek, Snipe Creek (Snipe) is located about 
halfway between the Econfina River and the Aucilla River, a clear spring-fed/sink river draining 
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the watershed from the northeast. Lastly, the St. Mark’s and Wakulla Rivers (St. Mark’s and 
Wakulla) are located to the north of the Aucilla River.  The Wakulla is a major tributary of St. 
Mark’s, and both are clear, predominantly spring-fed rivers.  Between the Aucilla and Econfina 
Rivers, about 23 creeks drain this marsh system, with Snipe being the longest and widest creek 
between the two bounding rivers and drains the marsh directly from the Aucilla Wildlife 
Management Area.  Mean water depth along the Gulf coast adjacent to the marsh area is 
about one meter.   
 
5.2 Methods 
River transits were run on five separate dates between October 20, 2011 and 
November 10, 2012.  Water bodies were sampled as follows: October 20, 2011: Wakulla and 
St. Mark’s Rivers; October 22, 2011: Econfina River and Snipe Creek; April 15, 2012: Econfina 
River, Gulf of Mexico, and Snipe Creek; April 16, 2012: Snipe Creek; and November 10, 2012: 
Snipe Creek.  Along all transects continuously recorded  222Rn and CDOM measurements were 
made, except on November 10, 2012 when only 222Rn measurements were collected. The boat 
travelled at a slow speed (< 5 knots) to capture high-resolution measurements of both CDOM 
and 222Rn, along with GPS, salinity, and temperature.  CDOM measurements were collected at 
≤ 1-minute intervals, while 222Rn measurements were collected at about 8-minute intervals.  
Transects were run on a rising tide and took between 2 to 4 hours to complete. 
 
5.2.1 Radon-222 and Groundwater Fluxes 
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Radon-222 (t1/2 = 3.83 d), a naturally occurring radioactive, noble gas, was used to 
evaluate groundwater fluxes in the study area.  It is typically enriched 3 to 4 times, in 
groundwater relative to surface waters (Cable et al., 1996; Burnett et al. 2001, 2003). 
Automated Rad-7® instruments (Durridge Co., Inc.) were utilized for the continuous 
measurement of 222Rn. The Rad-7 detects the alpha-emitting polonium daughters, 218Po+ (t1/2 = 
3.10 m; alpha energy = 6.00 MeV) and 214Po+ (t1/2 = 164μs; 7.67 MeV) as a measure of the 
radon-in-air concentration. The concentration of radon in water is then determined by 
continuously pumping water through the water-air exchanger and desiccant until the radon 
concentration in the air is in equilibrium with the radon in the water. The equilibrium ratio is 
determined by the temperature of the water via the established relationship (Weigel 1978): 	"’ = 0.105 + 0.405#-0.0502T (1) 
 
where a’ is the 222Rn concentration ratio of water to air and T is the water temperature in °C. 
The minimum amount of time required to reach equilibration in the Rad7 detector chamber is 
30 minutes (Burnett et al. 2003). However, by operating three or more Rad-7’s in tandem, the 
sampling resolution can be increased, corresponding to shorter distances between sampling 
points (Dulaiova et al. 2005).  We used three Rad-7’s for a sampling resolution of 8-10 minutes. 
Each 222Rn measurement was first corrected for its parent, 226Ra, in surface waters to determine 
excess 222Rn (222Rnex) activity.  According to Fanning et al. (1987) surface water 226Ra in the Gulf 
of Mexico near our study site range between 0.2 and 0.4 dpm L-1, so an average of 0.3 dpm L-1 
was used for the correction.   We did not correct 222Rn measurements to the time of collection 
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because 30 minutes elapsed between collection and analysis during continuous measurement, 
which is less than 0.5% of the half-life.    
Each 222Rnex was converted to an inventory using the water depth at the sampling 
location. Assuming a fully mixed water column, water depth was estimated based on the time 
in the tidal cycle when sample collection occurred and varied from 1 to 2 m (we only ran boat 
transects when the water was ≤ 1.5 m).  The 222Rnex inventory was then converted to a 222Rnex 
flux using λ = 0.181 d-1 and resulted in a predicted flux for each sampling location, dpm m-2 d-1, 
required to support the measured inventory.  Sources of 222Rn to the water column include 
production from 226Ra in the water column, sediment diffusion, and groundwater.  By 
accounting for 226Ra in the excess 222Rn calculation, we account for water column production.  
Sediment diffusion fluxes were estimated from sediment batch experiments on creekbed and 
marsh sediment grab samples in the lab at UNC.  The only non-zero flux value was at an 
offshore station (9 dpm m-2 d-1), and we attribute these very low diffusive fluxes to high sand 
content in this region (≥ 95% sand).  Thus we concluded that advection dominated transport, 
and diffusion could be neglected.  Sinks for 222Rn in the water column are radioactive decay 
and atmospheric evasion. Decay is accounted for in the excess 222Rn calculation, or when 
measured in situ by a Rad-7 as in this study. Atmospheric evasion was calculated as a daily 
atmospheric flux (Jatm) for each day a transect was run along the Gulf of Mexico coastline, or at 
the mouth of any of the water bodies sampled, using the empirical equation from Macintyre et 
al., 1995: 
 
$%&' = )	×	 +, − .	 ∙ 	+%01  (2)  
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where ) is the gas transfer coefficient or piston velocity (m d-1) and is a function of kinematic 
viscosity (cm2 s-1), molecular diffusion of 222Rn (ranged from 1 to 1.3 x 10-5 cm2 s-1, depending on 
water temperature), and turbulence of the water surface, which is dependent on wind speed.  
Alpha, ., is the temperature-dependent Otswald’s solubility coefficient, which is dimensionless 
(Wanninkhof et al., 1990), and +, and +%01 are the concentrations of 222Rn gas in surface water 
and air, respectively.  Gesell (1983) reported a mean value of 0.55 dpm L-1 for atmospheric 
radon in the contiguous United States. 
The 222Rn measurements were used to estimate a groundwater flux for Econfina, 
Wakulla, and St. Marks Rivers, as well as Snipe Creek.  Our radon mass balance accounted for 
all sources and sinks we could quantify: production, decay, diffusion, and air-sea loss.  The 
residual radon flux was attributed to a groundwater source and converted to a flow rate using a 
pore water 222Rn value of 130 dpm L-1 taken from Burnett and Dulaiova (2003) and Lambert and 
Burnett (2003). These studies reported pore water 222Rn values from Turkey Point, FL and 
Tallahassee, FL, both near our study site and thus were considered an accurate representation 
of pore water 222Rn concentrations in our marsh.  Velocity calculations used the following 
equation: 
 
234	 5	678 = 9:;<==	 >?@@@ 	ABC:	(EF'	'G@EGH)J4	 >?@@@ 	(EF'	'GK)        (3) 
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Each velocity was multiplied by the width of the river or creek at the sampling location, and 
then values were integrated along the length of the river or creek to determine a groundwater 
discharge (QGW = m3 d-1): 
 
L34 = 8M 6?N8 − 6? 	×	 234?×O? + 234?N8×O?N8Q?R8   (4) 
 
where d is distance upstream (m), and W is width of river or creek at sampling location. 
 
 
5.2.2 CDOM 
A Mini-Shuttle outfitted with a micro-CTD, dissolved oxygen sensor, a UV sensor, a 
chlorophyll fluorometer, and a CDOM fluorometer (Gardner et al. 2005) was used on transects 
of Snipe Creek, and each of the rivers.  The Turner Designs ® CDOM sensor aboard the Mini-
Shuttle recorded relative CDOM fluorescence in volts (0-5). Voltage readings were recorded 
when discrete samples (n >50) were taken, so a relationship between discrete CDOM 
measurements in QSU and sensor CDOM in volts could be established (r2 = 0.96) and sensor 
readings could be expressed as QSU (Fig. 5.2). 
Water samples were N2-pressure-filtered through a pre-combusted (4 hrs at 500 °C) 0.7 
µm glass fiber filter (Whatman GF/F) into 40 ml amber vials and frozen until analysis. CDOM 
fluorescence was measured using a Photon Technologies International QM-1 
spectrofluorometer. Emission scans from 350 to 650 nm were collected for an excitation 
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wavelength of 337 nm.  Spectra were blank-subtracted (Milli-Q water run each day) prior to 
integration. Peak areas were integrated and areas converted to quinine sulfate units (QSU) 
where 1 QSU is equivalent to the fluorescence emission of 1 μg/l quinine sulfate solution (pH 2) 
(Chen and Gardner, 2004). Samples above 100 QSU were diluted with Milli-Q water prior to 
analysis to minimize internal quenching.  
 
5.2.3 Climate parameters 
 Wind speeds, precipitation, and temperature data were downloaded from various 
sources.  Wind speeds were downloaded from a nearby NOAA buoy: KTNF1 
(http://www.ndbc.noaa.gov/).  The mean wind speeds for time spans CDOM and 222Rnex 
measurements were collected were used to calculate the atmospheric flux of 222Rn for each 
sampling date.  Historical precipitation data were downloaded from Weather Underground for 
the nearby Perry-Foley Airport (K40J; https://www.wunderground.com 
/history/airport/K40J).  Temperature data were downloaded from NOAA Tides and Currents 
(tidesandcurrents.noaa.gov) from the Cedar Key, Florida station.   
 
5.3 Results 
5.3.1 CDOM: Trends and Variation 
 CDOM values are presented versus salinity as well as latitude, with increasing latitude 
correlating to the upstream direction.  CDOM values varied by both location and date and 
were generally higher in October, 2011 (fall plant senescence phase) than in April, 2012 (spring 
bloom phase) for both Snipe and Econfina (Figs. 5.3, 5.4).  October CDOM increased upstream 
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in both Econfina and Snipe, with a dramatic increase observed approximately midway up 
Snipe.  Values ranged from approximately 63 to 150 QSU in the Econfina and from 
approximately 31 to 180 in Snipe.  Also in October, CDOM showed a negative relationship 
with salinity in Econfina and Snipe, likely representative of higher terrestrial runoff coming from 
upstream in both locations (Fig. 5.4A).  The upstream trends for CDOM in April for Snipe and 
Econfina were similar to October, but diminished in magnitude.  Snipe CDOM values were 
either stable, or increased slightly upstream (Fig. 5.3B).  Econfina again showed an upstream 
increase in CDOM, but with slightly lower CDOM values at the upper reaches (overall range: 44 
to 104 QSU; Fig. 5.3C).  Interestingly, we observed variable relationships between CDOM and 
salinity for Snipe in April (Fig. 5.4B, C).  On April 15, although the salinity range was small 
(~22.8 to 23.8), we observed increasing CDOM values with decreasing salinity (range: 45 to 58 
QSU; Fig. 5.4B); however, April 16th shows two separate trends.  Initially a slight increase in 
CDOM values was observed as salinity decreased, ranging from 38 to ~55 QSU.  This section 
of the transect traverses approximately half of Snipe, from the offshore, Gulf of Mexico station 
to mid-creek.  Midway up Snipe however, the trend reversed and CDOM values increased with 
increasing salinity until the boat reached the limit of navigation (range: ~55 to 65 QSU; Fig. 
5.4C).  This increase in CDOM values with salinity corresponds to the increase observed 
upstream. 
 The Wakulla and St. Mark’s were sampled on October 20, 2011, and showed different 
trends compared to Econfina (Figs. 5.3D, 5.4D).  We observed an increase in CDOM values 
with salinity in St. Mark’s until salinity reached approximately 4, when CDOM values became 
stable and decreased only slightly (overall range: 10 to 47 QSU; Figs. 5.3D, 5.4D).  This trend 
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corresponds to a decrease in CDOM values and salinity moving upstream.  CDOM in the 
Wakulla was fairly stable, varying only slightly upstream (overall range: 9 to 19 QSU; Figs. 5.3D, 
5.4D).  Overall, CDOM values were lower in St. Marks and Wakulla compared to both Snipe 
and Econfina.  We attribute the decrease in CDOM values with decreasing salinity, as well as 
the lower overall CDOM values to the fact that these are largely spring-fed rivers as opposed 
to being driven largely by terrestrial runoff.   
 
5.3.2 Radon and Groundwater Fluxes 
 Excess 222Rn is shown in all the figures, which are plotted versus salinity and latitude, 
except for November 10, 2012, which is only plotted versus latitude.  Excess 222Rn values for 
Snipe were fairly low in October, varying from 1.1 ± 0.3 to 7.2 ± 0.6 dpm L-1 (Figs. 5.3A, 5.4A).  
Also in October, 222Rnex showed a positive increase with decreasing salinity moving upstream 
Snipe (Fig. 5.4A).  We observed the same trend in radon values in the Econfina in October; 
however, 222Rnex was much greater at the upper reaches of the Econfina and varied overall from 
8.3 ± 0.7 to 35.4 ±1.4 dpm L-1 (Fig. 5.4A).  Conversely, in April, 222Rnex values did not increase 
upstream and were much lower overall for the Econfina, ranging from 1.8 ± 0.3 to 2 ± 0.3 dpm 
L-1 (Figs. 5.3C, 5.4B).  April 15th had the lowest overall values for 222Rnex in Snipe, ranging from 
1.4 ± 0.3 to 3.9 ± 0.4 dpm L-1 (Figs. 5.3B, 5.4B).  Additionally, no observable trend was found 
in the 222Rnex values relative to salinity or location upstream for Snipe on April 15th.  However, 
on April 16th, higher 222Rnex values were located near the hammock in Snipe (Fig. 5.3B). Overall, 
222Rnex ranged from 1 ± 0.3 to 1.7 ± 0.6 dpm L-1 on April 16th, with a slight increase observed 
past the hammock, and moving upstream.  Excess 222Rn values were at their highest on the 
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November 10, 2012 sampling date (Fig. 5.3E).  Values ranged from 5.7 ± 3 to 33.6 ± 5 dpm L-1, 
and a general increase in 222Rnex values was observed moving upstream.   
 The St. Mark’s and Wakulla 222Rnex values in October were higher overall than either the 
Econfina or Snipe radon values (Figs. 5.3D, 5.4D).  Excess 222Rn near the mouth of St. Mark’s 
was comparable to that measured in Snipe, though past the marsh region of St. Mark’s 
watershed, 222Rnex values jumped up dramatically by approximately 40 dpm L-1 (Fig. 5.3D).  
Overall, the values ranged from 3.7 ± 0.5 to 67.6 ± 2 dpm L-1.  Additionally, the highest 222Rnex 
value occurs at the St. Mark’s-Wakulla confluence.  The Wakulla 222Rnex demonstrated a slight 
increase with decreasing salinity moving upstream and ranged from 29.1 ± 1 to 67.4 ± 2 dpm 
L-1.   
 Groundwater fluxes (cm d-1) were computed for each measurement location, and then 
integrated along the length of the creek or river to determine a groundwater discharge (Table 
5.1).  Although the lowest 222Rnex values for Snipe were on April 15th, the lowest groundwater 
discharge was in October; however, this may be representative of the difference in the length 
of Snipe that was sampled and thus accounted for in the discharge calculation.  Groundwater 
discharge for Snipe was similar for both dates in April, 717 ± 0.5 and 740 ± 0.5 m3 d-1.  In 
contrast, groundwater discharge was lowest for Econfina in April, relative to October (2,040 ± 
0.02 and 8,180 ± 2.6 m3 d-1, respectively).  As may be expected, Wakulla and St. Mark’s had 
the largest overall groundwater discharge (54,220 ± 12.7 and 82,150 ± 25.2 m3 d-1, 
respectively).  The St. Mark’s River, and its tributary, the Wakulla River are large, clear water 
rivers with several documented first-magnitude springs (Rosenau et al. 1977).   
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 The calculated groundwater discharge volumes are a conservative estimate, as we did 
not include atmospheric evasion in our calculations. These fluxes ranged from 3,021 to 18,060 
dpm m-2 d-1 (Table 5.2), which were 1.3 to 30 times the mean groundwater flux (dpm m-2 d-1) for 
each sampling date.  We provide atmospheric evasion estimates to demonstrate the potential 
range of these fluxes.  Because atmospheric evasion is inferred from wind speed and radon 
solubility in water and could only be estimated outside the mouth of each channel, these fluxes 
may be higher than actually occur in the environment.  
 
5.4 Discussion 
Ecological processes in salt marshes are tightly linked to the surface and subsurface 
hydrology in these ecosystems.  Freshwater runoff and groundwater affect salt marsh salinity, 
which can drive groundwater flow as well as impact plant growth, distribution, and productivity 
(Reed and Cahoon, 1992; Thibodeau et al. 1998; Wilson et al. 2015).  CDOM quantity is 
affected by interaction of surface waters with coastal wetland ecosystems, such as salt marshes 
(Chen and Gardner, 2004). Additionally, groundwater can influence marsh and coastal ocean 
biogeochemistry, as it can be a source of dissolved carbon and nutrients (Valiela et al. 1978; 
Krest et al. 2000; Santos et al. 2008).  Precipitation, evapotranspiration, and tides are all 
possible forces that can influence both surface run off and groundwater discharge (i.e. 222Rn 
activity; e.g. Roy et al. 2010; Smith et al. 2008).  
 
5.4.1 Surface and subsurface hydrological processes 
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 We observed a different trend moving upstream in the Wakulla and St. Mark’s 
compared to Econfina, which is likely a result of different primary water sources for these two 
water bodies.  The Econfina is a black water river that drains through swampy and forested 
uplands.  No documented springs occur along its reaches, and it is largely fueled by terrestrial 
runoff, hence we observe an increase in CDOM moving upstream (as well as a decrease in 
salinity) as we get closer to the CDOM source (Figs. 5.3A, 5.4A).  Conversely, what we observe 
in the St. Mark’s and Wakulla is either consistently low CDOM values (i.e. Wakulla) or a 
decrease in CDOM from still fairly low values to consistently lower values (i.e. St. Mark’s; Figs. 
5.3D, 5.4D).  The very low values of CDOM, and high 222Rnex activities in the upper regions of 
St. Mark’s and the Wakulla are representative of the fresh spring water that feeds these rivers, 
whereas the relatively higher CDOM values seen in the lower reaches of St. Mark’s is likely 
marsh-derived CDOM, as DOM is leached from plants and roots and flows out with the tides.  
Salt marsh lands border the lower St. Mark’s river up to the confluence with the Wakulla.  The 
CDOM values observed along the stretch of St. Mark’s are similar to what is seen near the 
mouth of Snipe in October, 2011.  
The difference in the behavior of CDOM and 222Rnex in each of the water bodies may be 
used to illustrate hydrological processes of both the surface and subsurface. For instance, in 
October both 222Rnex and CDOM increase upstream in Econfina and Snipe with decreasing 
salinity (Fig. 5.3A).  However, this concomitant increase in both 222Rnex and CDOM is not the 
case in April.  Although on April 15th CDOM for both Econfina and Snipe show at least a slight 
increase moving upstream, 222Rnex shows little change with distance (Fig. 5.3B, C).  Econfina 
222Rnex is low consistently, whereas Snipe 222Rnex doesn’t appear to have any noticeable trend.  
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Additionally, on April 16th, 222Rnex in Snipe does not co-vary with salinity, and shows only a 
slight increasing trend in the upstream direction. Precipitation records for the area show that 
October, 2011 was a fairly dry period, with some precipitation preceding it; however, April, 
2012 was an extremely dry month with little precipitation in the months prior (Fig. 5.5).  It is 
probable that the water table is depleted in April during the dry season in Florida, which we 
also observe as lower 222Rnex values with little to no trend upstream or with salinity. A reduced 
precipitation is also observed in the CDOM as lower overall values, yet, an increasing CDOM 
trend is still observed moving toward the upland source.  The increased precipitation in 
October, 2011, relative to April, 2012 likely results in the increased CDOM values, and more 
defined increases in CDOM moving upstream in both Snipe and Econfina. CDOM quantity has 
been shown to increase in response to precipitation in various watersheds (i.e. Hinton et al. 
1997, 1998; Schiff et al. 1997; Findlay et al. 2001).  For instance, one single storm event was 
responsible for 31% of the autumn DOC export in a sub basin of Harp Lake, Ontario (Hinton et 
al. 1997).  It is also likely that greater precipitation leading up to the October sampling period 
recharged the water table, which would result in the higher 222Rnex values witnessed at that time 
along with an inverse trend in 222Rnex values with decreasing salinity as 222Rn is enriched in 
freshwater.  Additionally, October is the beginning of the period when plants begin to senesce 
for winter, which would lead to an increase in CDOM as plants release organic matter during 
the “fall dump” (Singh et al. 2014; Schiebel, 2016).  
 Previous studies have also demonstrated seasonality in groundwater discharge (e.g. 
Tobias et al. 2001; Michael et al. 2005; Charette et al. 2007; Michael et al. 2011).  For instance, 
Tobias et al (2001) found that groundwater discharge in Ringfield marsh, VA, was highest in the 
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early spring and late winter and was lowest in the summer growing season when 
evapotranspiration was high.  Additionally, the timing of the peak groundwater flow was 
controlled by both precipitation and evapotranspiration; although precipitation tapered off into 
the early spring, groundwater discharge continued to increase until evapotranspiration reduced 
the groundwater elevation, when groundwater flow began to decline.  We can also observe 
seasonal responses to precipitation or reduced rainfall in our calculated groundwater discharge 
volumes.  Groundwater discharge for Econfina appears to respond to levels of precipitation 
and subsequent groundwater recharge, as the higher value of 8,180 m3 d-1 was calculated in 
October 2011, relative to April 2012 when the calculated groundwater discharge was 2040 m3 
d-1.  We also should not discount the “fall dump” when plants senesce, lessening groundwater 
requirements, which could enhance groundwater discharge from a higher groundwater table. 
Interestingly, Snipe’s lowest groundwater discharge was in October 2011, not April 
2012. However, the October sampling was nearing the end of the growing season, and the 
beginning of the winter senescence, and air temperature was just beginning to decrease (Fig. 
5), whereas in April 2012, air temperature was beginning to increase, along with the growing 
season.  Thus, groundwater elevation may have been lower in October 2011 due to higher 
rates of evapotranspiration and a delay in water table recharge, relative to April 2012.  Our 
highest calculation for groundwater discharge in Snipe was in November 2012 when air 
temperatures were low, the rainy season had begun, and the “fall dump” had occurred in the 
marsh.   
In particular, Snipe Creek has some areas of high aquifer discharge, relative to other 
tidal creeks in the study area.  Raabe et al. (2011) collected airborne thermal infrared imagery 
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and captured Snipe Creek during data acquisition (Raabe et al. 2011; Figure 1a).  Imagery of 
the area depicts multiple discharge locations (in red) along Snipe that may explain some of the 
variation in 222Rn values during our sampling (e.g. high April 16 values, relative to April 15, in a 
similar location along Snipe).    These data were acquired in March 2009 during a prolonged 
drought, thus it is probable that in a non-drought period, discharge would be even more 
prominent.  Our study began in 2010 and overlapped this same drought period by about one 
year. 
 
5.4.2 Climate change impacts 
As a result of global warming, temperatures will likely continue to rise across the earth, 
and with increased temperatures we will likely experience more extreme precipitation events, 
such as storms and hurricanes, as well as increased evaporation and changing patterns in 
precipitation and evapotranspiration (IPCC, 2014).  Another critical subject for coastal regions 
are the increased rates of sea level rise, estimated to be 8 to 16 mm yr-1 by 2081.  In particular 
for our study site region, the IPPC (2014) projects an increase in sea level of between 0.5 and 
0.6 m by 2081- 2100.  This sea level rise and rising temperatures bring with them significant 
changes to the hydrology of coastal ecosystems.   
With rising temperatures it is likely that we will observe an increase in rates of 
evapotranspiration, which could lead to the lowering of the groundwater table decreasing 
groundwater discharge as well as decreasing the water available to transport near-surface run 
off and associated CDOM (Huang and Chen, 2009).  In addition, large storms deliver with them 
heavy rains as well as strong winds.  Although large precipitation events may increase surface 
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run off, CDOM may not necessarily continue to increase as a dilution effect may occur 
(Bertrand-Krajewski, et al. 1998; Huang and Chen, 2009).  However, the strong winds that are 
associated with storms can greatly influence tidal extent, inundation, and subsurface flushing 
(Pasternack and Hinnov, 2003; Lagomasino et al. 2013), which will impact groundwater flow 
(Gonneea et al. 2013; Wilson et al. 2011). Additionally, storms can influence the location of the 
freshwater-salt water interface.  Cartwright et al. (2004) found that a nearby storm that 
generated high waves caused the freshwater-saltwater interface to move 5 m inland.  Tidal 
inundation will also dramatically change under the projected rates of seal level rise.  Rising sea 
level can increase duration of inundation depending on whether the marsh is accreting fast 
enough to keep pace with sea level rise.  Consequently, plant leaching and biogeochemistry 
will be affected by prolonged inundation while also impacting subsurface hydrology and 
sediment flushing.  Wilson and Morris (2011) found that increases in mean water level beyond 
which resulted in the marsh being fully inundated only decreased groundwater flushing. Not 
only does increased inundation from sea level rise impact groundwater seepage, but it may 
also affect the depth of the freshwater-saltwater interface (Masterson and Garabedian, 2007), 
which could have important consequences on subsurface flow, the biogeochemistry within the 
seepage face, as well as the amount and accessibility of potable drinking water. 
 
5.5 Summary 
 Surface and subsurface hydrological processes in salt marshes are intricately linked and 
very influential in the ecology of the ecosystem.  CDOM and 222Rn are not only useful for 
detecting terrestrial and groundwater sources in a salt marsh environment, but also help 
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elucidate the responses of the surface and subsurface hydrology to climate parameters.  This 
study observed seasonal differences in CDOM and 222Rn, possibly linked to precipitation 
patterns.  For instance, in October, 2011, during the rainy season and the beginning on the fall 
dump, CDOM values were much higher than the following April, 2012.  Additionally, 
groundwater discharge rates were higher for Econfina River in October, 2011, relative to April, 
2012, which was a very dry month.  Climate patterns linked to precipitation and temperature 
(evapotranspiration) impact the water cycle, and therefore the hydrology.  Continual increases 
in surface temperatures, sea level, and storm events will certainly influence the hydrology of 
coastal ecosystems. 
 
5.6 Tables and Figures 
Table 5.1.  Total radon (dpm L-1), 222Rnex fluxes (dpm m-2 d-1), and calculated groundwater fluxes 
(cm d-1) for each measurement location along Snipe Creek, Econfina River, and Wakulla and St. 
Mark’s Rivers for each date a transect was run.  Distance upstream is measured as meters 
upstream from the mouth, except for the Wakulla River, which is measured from the confluence 
with St. Mark’s River. The total groundwater discharge (m3 d-1) for each transect along water 
body is presented at the bottom of each transect group. 	
Date 
Distance 
Upstream 
(m) 
Total 
Measured 
222Rn 
(dpm L-1) 
Width of 
channel 
(m) 
Excess 222Rn 
Flux 
(dpm m-2 d-1) 
GW Flux 
(cm d-1) 
Oct. 20, 2011 (Wakulla) 161 29.7 ± 1.2 123 7,991 ± 248 6.1 ± 0.2 
 
1063 30.7 ± 1.3 174 8,248 ± 262 6.3 ± 0.2 
 
1846 37.2 ± 1.4 157 10,027 ± 301 7.7 ± 0.2 
 
2806 49.0 ± 1.6 100 13,223 ± 342 10.2 ± 0.3 
 
4010 52.7 ± 1.7 100 14,225 ± 371 10.9 ± 0.3 
 
4305 60.0 ± 1.8 110 16,202 ± 408 12.4 ± 0.3 
 
5144 68.0 ± 1.9 67 18,380 ± 424 14.1 ± 0.3 
 
 
Discharge = 54,220 m3 d-1 
October 20, 2011 (St. Mark's) 2428 4.3 ± 0.5 985 1,095 ± 47 0.84 ± 0.04 
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Date 
Distance 
Upstream 
(m) 
Total 
Measured 
222Rn 
(dpm L-1) 
Width of 
channel 
(m) 
Excess 222Rn 
Flux 
(dpm m-2 d-1) 
GW Flux 
(cm d-1) 
 
2522 4.9 ± 0.5 985 1,238 ± 51 0.95 ± 0.04 
 
2541 4.9 ± 0.5 985 1,241 ± 54 0.95 ± 0.04 
 
5021 13.2 ± 0.8 303 3,510 ± 143 2.7 ± 0.1 
 
5099 13.6 ± 0.8 268 3,604 ± 140 2.8 ± 0.1 
 
5122 12.0 ± 0.8 268 3,166 ± 131 2.4 ± 0.1 
 
7399 26.4 ± 1.2 150 7,077 ± 238 5.4 ± 0.2 
 
8541 68.1 ± 1.8 78 12,278 ± 279 9.4 ± 0.2 
 
10255 58.0 ± 1.8 65 10,435 ± 269 8.0 ± 0.2 
 
11312 62.4 ± 1.8 47 11,232 ± 268 8.6 ± 0.2 
 
12206 64.6 ± 1.9 50 11,643 ± 285 9.0 ± 0.2 
 
13274 62.9 ± 1.9 35 11,326 ± 283 8.7 ± 0.2 
 
14440 67.6 ± 1.9 31 12,179 ± 289 9.3 ± 0.2 
 
15381 65.1 ± 1.9 28 11,719 ± 288 9.0 ± 0.2 
 
16348 59.8 ± 1.8 29 10,776 ± 275 8.3 ± 0.2 
 
16795 62.1 ±1.8 26 11,182 ± 274 8.6 ± 0.2 
 
 
Discharge = 82,150 m3 d-1 
October 22, 2011 (Snipe) 368 1.4 ± 0.3 90 304 ± 10 0.23 ± 0.01 
 
707 3.3 ± 0.4 65 820 ± 31 0.63 ± 0.02 
 
985 3.7 ± 0.4 30 921 ± 34 0.71 ± 0.03 
 
1889 4.1 ± 0.5 25 1,032 ± 42 0.80 ± 0.03 
 
2160 7.5 ± 0.6 10 1,309 ± 59 1.01 ± 0.05 
 
 
Discharge = 472 m3 d-1 
October 22, 2011 (Econfina) 621 8.6 ± 0.7 180 1,810 ± 81 1.4 ± 0.06 
 
881 9.2 ± 0.7 120 1,931 ± 84 1.5 ± 0.06 
 
2623 19.4 ± 1.0 55 4,151 ± 154 3.2 ± 0.12 
 
2903 24.3 ± 1.1 55 5,211 ± 179 4.0 ± 0.13 
 
3216 35.7 ± 1.4 40 7677 ± 230 5.9 ± 0.18 
 
 
Discharge = 8,180 m3 d-1 
April 15, 2012 (Snipe) 188 3.9 ± 0.4 82 1,312 ± 37 1.0 ± 0.03 
 
1218 4.1 ± 0.4 37 1,045 ± 29 0.80 ± 0.02 
 
1659 3.9 ± 0.4 20 971 ± 28 0.75 ± 0.02 
 
1777 1.8 ± 0.3 32 268 ± 6 0.21 ± 0.004 
 
1882 1.8 ± 0.3 32 279 ± 4 0.21 ± 0.003 
 
2008 3.3 ± 0.4 26 816 ± 19 0.63 ± 0.01 
 
2156 2.8 ± 0.3 12 459 ± 7 0.35 ± 0.005 
 
2410 3.7 ± 0.4 8 612 ± 15 0.47 ± 0.01 
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Date 
Distance 
Upstream 
(m) 
Total 
Measured 
222Rn 
(dpm L-1) 
Width of 
channel 
(m) 
Excess 222Rn 
Flux 
(dpm m-2 d-1) 
GW Flux 
(cm d-1) 
 
2467 2.9 ± 0.3 8 473 ± 9 0.36 ± 0.007 
 
 
Discharge = 740 m3 d-1 
April 15, 2012 (Econfina) 0 2.3 ± 0.3 460 540 ± 1 0.42 ± 0.001 
 
1170 2.1 ± 0.3 127 490 ± 1 0.38 ± 0.001 
 
2446 2.1 ± 0.3 66 502 ± 0.2 0.39 ± 0.000 
 
3146 2.2 ± 0.3 62 515 ± 1 0.40 ± 0.001 
 
 
Discharge = 2,040 m3 d-1 
April 16, 2012 (Snipe) 528 6.9 ± 0.5 82 1,791 ± 64 1.4 ± 0.05 
 
1365 7.2 ± 0.5 33 1,242 ± 43 0.95 ± 0.03 
 
1551 7.4 ± 0.6 16 1,292 ± 46 0.99 ± 0.04 
 
1559 1.6 ± 0.3 48 235 ± 8 0.20 ± 0.006 
 
1667 8.0 ± 0.6 18 1,387 ± 51 1.1 ± 0.04 
 
1901 7.3 ± 0.6 30 1,263 ± 46 0.97 ± 0.04 
 
1944 2.5 ± 0.3 13 400 ± 3 0.31 ± 0.002 
 
2033 8.3 ± 0.6 28 1,450 ± 51 1.1 ± 0.04 
 
 
Discharge = 717 m3 d-1 
November 10, 2012 (Snipe) 0 9.0 ± 2.7 130 3,139 ± 869 2.4 ± 0.7 
 
246 6.3 ± 2.4 80 2,176 ± 748 1.7 ± 0.6 
 
487 8.6 ± 2.6 85 3,005 ± 845 2.3 ± 0.6 
 
965 6.2 ± 2.4 32 1,594 ± 561 1.2 ± 0.4 
 
1473 11.0 ± 2.9 30 2,911 ± 697 2.2 ± 0.5 
 
1713 15.2 ± 3.3 40 4,040 ± 805 3.1 ± 0.6 
 
1808 16.6 ± 3.3 30 4,428 ± 824 3.4 ± 0.6 
 
1882 22.6 ± 3.7 26 6,046 ± 932 4.7 ± 0.7 
 
2075 23.6 ± 3.9 26 4,216 ± 646 3.2 ± 0.5 
 
2173 34.2 ± 4.5 10 6,136 ± 760 4.7 ± 0.6 
 
2325 24.0 ± 3.9 10 4,275 ± 652 3.3 ± 0.5 
 
2446 27.5 ± 4.1 10 4,923 ± 694 3.8 ± 0.5 
 
 Discharge = 2,444 m3 d-1 
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Table 5.2. Calculated atmospheric fluxes for each day sampling occurred based on wind 
speeds at Gulf of Mexico NOAA buoy. These fluxes may be representative of the mouth of 
each water body. 
Date Water Body 
Atmospheric Flux 
(dpm m-2 d-1) 
October 20, 2011 
Wakulla 
13,417 
St. Mark’s 
October 22, 2011 
Snipe 
3021 
Econfina 
April 15, 2012 
Snipe 
18,060 
Econfina 
April 16, 2012 Snipe 9,156 
November 10, 2012 Snipe 8,467 
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Figure 5.1. Maps depicting the location of the study site along the Gulf coast of Florida. The study site is located within the coastal, unconfined 
aquifer (dark blue) of Florida. The light gray shade represents confined Floridian aquifer.  The small grey-scale map in the top middle shows the 
locations of the NOAA buoy (stn. KTNF1), Cedar Key Station (NOAA Tides and Currents), and the Perry-Foley airport (precipitation data). The 
black box outlines the central study area, which can be seen in the map on the top left.  The zoomed map on the top left indicates the study area 
and water bodies sampled in the white outlines, “A” and “B”.  The bottom left shows inset “A”, the St. Mark’s and Wakulla Rivers along with the 
sampling locations for 222Rn in white circles.  On the bottom right inset “B” shows Snipe Creek and Econfina River, as well as sampling locations for 
222Rn, colored coded for each sampling date, green: April 15, 2012; blue: April 16, 2012; red: October 22, 2011; white: November, 2012.
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Figure 5.2. In situ Minishuttle CDOM fluorescence in volts versus discrete, filtered florescence 
measurements from the lab.  The red squares indicate measurements from one of the sampling dates, 
April 15, 2012.  Although the fit has an R2 that is low, the values are consistent with the overall fit to 
the combined data points. 
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Figure 5.3. CDOM (blue solid or dotted lines) and excess 222Rn (green shapes) plotted versus latitude for all sites and sampling 
dates. Panel A shows Snipe and Econfina data for October 22, 2011; panel B shows Snipe data for both April 15 and 16, 2012; 
panel C shows Econfina data for April 15, 2012; Panel D shows data for Wakulla and St. Mark’s Rivers on October 20, 2011; panel E 
shows data (no CDOM) for Snipe on November 10, 2012.  Note the differences in X and Y axis scales. 
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Figure 5.4. CDOM (blue solid or dotted lines) and excess 222Rn (green shapes) plotted versus salinity for all sites and sampling dates. 
Panel A shows Snipe and Econfina data for October 22, 2011; panel B shows Snipe and Econfina data for April 15, 2012; panel C 
shows Snipe data for April 16, 2012; Panel D shows data for Wakulla and St. Mark’s Rivers on October 20, 2011.  Note the 
differences in X and Y axis scales. 
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Figure 5.5. Precipitation and air temperature data for the study area. Precipitation (blue bar) is 
taken from the Perry-Foley airport nearby, and the air temperature (orange line) data is 
downloaded from the Cedar Key, Florida NOAA station (https://tidesandcurrents.noaa.gov).  
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CHAPTER VI: CONCLUDING REMARKS 
 Water flow is the defining element of tidal salt marsh ecosystems.  Many marsh surfaces 
are inundated with every tide, and the water takes a variety of flowpaths, including infiltration 
of the sediments from overland flow (Fig. 6.1).  This water may almost immediately return to 
the tidal creeks on ebb tide through creek bank seepage, or slowly meander through the 
subsurface on timescales of hours to weeks depending on permeability of the sediments.  In 
addition, freshwater inputs from upland surface water runoff and groundwater discharge 
through the aquifer mix with tidal waters to create a dynamic hydrological system.  This study 
explored these hydrological processes, including examining the forces that drive them, 
observing their variability, trends and behavior, and considering the implications on material 
exchange between the coastal waters and the marsh.  The research presented has provided a 
quantitative analysis of overland flow, a characterization of creek bank seepage, a qualitative 
assessment of trends in surface water runoff and groundwater discharge, as well as estimates 
for groundwater discharge volume, all in a relatively untouched by humans salt marsh located 
in an ecologically significant and understudied region of the northern Gulf of Mexico. 
 As with scientific research in general, the results of this study are meaningful by their 
contribution to the body of knowledge found in the literature; however, some 
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Figure 6.1. Conceptual model diagraming the flow paths of various water sources in a salt 
marsh. Tidal fluctuations lead to surface inundation and tidal exchange via overland flow.  
Groundwater flow occurs beneath the marsh surface and seeps out throughout the marsh.  
Tidal recharge and discharge occurs close to the creek bank and leads to creek bank seepage.  
Additional water sources to the marsh surface include precipitation and upland runoff. 
Evapotranspiration represents a loss of water. Large red numbers indicate the processes or 
flowpaths studied in this dissertation. 
 
significant outcomes of this study should be noted.  Firstly, the investigation of hydrological 
processes and the forces acting on this low relief Big Bend region of the Gulf of Mexico fills a 
gap in knowledge about the basin and ecosystem.  Although salt marshes are rather ubiquitous 
along low-energy coastlines, particularly in temperate latitudes, the Gulf of Mexico is home to 
almost half of the United States’ salt marshes.  The eastern Gulf of Mexico where the study site 
is located is part of the West Florida Shelf, where submarine groundwater discharge (SGD) 
plays an important role in water and material fluxes (e.g. Fanning et al. 1982; Cable et al. 
1996a, b, 1997; Bugna et al. 1996; Robbins et al. 2009).  This area’s rivers also differ from rivers 
in the neighboring northern Gulf of Mexico in that discharge rates are lower and concentrations 
of dissolved organic matter are higher, which plays a role in the optical properties and 
1
2
3
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dissolved organic carbon concentrations of the marsh and coastal waters (Robbins et al. 2009).  
Thus, it is beneficial to learn more about the sources of water and their behavior in this area. 
This study presented estimates of groundwater discharge for a tidal creek (~470 to 
2,500 m3 d-1) as well as two major rivers in this area (Econfina: ~2,000 to 8,000 m3 d-1). 
 For comparison, Great Sippewissett Marsh, MA ranges from 5,000 to 13,000 m3 d-1 (Charette 
et al. 2003 and refs. therein).  As SGD is a continued topic of interest and importance, it is 
valuable to continue to expand estimates of SGD from multiple locations.   
Additionally, groundwork was laid for future areal inundation studies in the region.  This 
work calculated that between 1.7 and 3.8 x 105 m3 of water inundates the 1.4 km2 study marsh 
area, for typical spring/neap tides.  However, this volume reaches approximately 8 x 105 m3 of 
water in Hurricane conditions.  With more category 4 and 5 storms projected in the future as a 
result of climate change, calculations for estimates of volume and areal inundation of coastal 
areas will be a necessity.  Extensive LiDAR and elevation data will be critical in order to forecast 
changes in inundation and carbon export that happen as a result of changing sea levels and 
subsidence.  These changes will vary for different coastal systems.  For instance, not all 
marshes are inundated on every high tide, such as many of New England’s salt marshes.  If sea 
level rise, along with more frequent storm surges allow for more frequent inundation in some 
marsh areas, impacting vegetation, topography, as well as dissolved carbon export.  
Lastly, this research also tested a novel method of collecting short timescale seepage 
data from creek banks in tidal salt marsh environments.  Although more testing needs to be 
completed, similar results between field results and modeling were demonstrated.  Maximum 
seepage velocities calculated for this study marsh were between 1.5 and 8 x 10-5 m s-1, with 
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0.43 m3 per m creek bank per tide discharged to the tidal creek.  Literature values range from 
0.112 and 4.9 m3 creek bank discharge with permeabilities from 10-9 m2 (model) to 10-14 m2.  
This marsh is distinctive in that it is over 95% sand, with a permeability of 10-11 m2, which is 
slightly higher than many marshes in the creek bank seepage literature.  Rapid circulation of 
tidal recharge water at the creek bank is important for oxygenation of the subsurface as well as 
reducing salt build-up, which can improve plant productivity productivity (Gardner, 2005; 
Howes and Goehringer, 1994).  
The limitations of this work lend themselves to recommendations for future study.  The 
results from the LiDAR analysis presented in Chapter III are limited by the correction factor, or 
value used to offset the error in dense vegetation.  While vast areas of marsh were surveyed, 
more extensive data collection on vegetation type, location, and height would always improve 
accuracy in predicting overland flow volumes and areal extent of inundation.  Moreover, the 
continued application of LiDAR or topographic modeling studies linking hydrology to 
topography and morphology will be useful for predicting the future status of these invaluable 
ecosystems.   
In particular, recommendations for further study include more extensive use and 
systemic testing of the seepage collectors used here to estimate seepage velocities in the field, 
and continued efforts to collect estimates of SGD in the study area for comparison to other 
regions and locations.  As SGD is known to be both spatially and temporally variable, multiple 
sampling dates and times in this study site would be valuable in order to constrain discharge 
estimates. 
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What we know from researchers’ efforts is that the hydrology of salt marshes not only 
defines their structure and function, but the hydrology and sediment delivery is also constantly 
changing. This leads to the dynamic state of salt marshes wherein they are always expanding or 
shrinking. The more we know about how the hydrological processes in salt marshes, what 
forces drive their variability, and how they interact with marsh morphology, the more we can 
constrain estimates of inorganic and organic material fluxes between these environments and 
the coastal ocean or terrestrial upland, and both predict their survival in a changing climate as 
well as reclaim or build them to help mitigate climate change effects.  
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